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Corrosion has been a subject of keen scientific research for
the past 150 years. It has a great impact on the safety and
reliability in wide range of applications and also on the econ-
omy. Corrosion plays a crucial role in determining the life-
cycle performance, safety, and cost of engineered products.
Further, with the increasing demand for materials with mul-
tiple performance capability, advanced surface processing,
surface coatings, joining, and welding techniques are being
employed. As these materials and methods will be utilized
in technologies for high-end applications (e.g., aerospace and
nuclear engineering), investigation of corrosion of advanced
surfaced materials becomes essential.

Metal joining is a controlled process that is widely
employed to fuse similar/dissimilar metals. Among the sev-
eral metal joining techniques, welding is one of the most
widely used for a variety of applications. Metallurgical,
physical, and chemical changes caused by welding processes
severely affect the corrosion resistance of welds [1, 2]. Some
of the recent and advanced welding processes include use of
electron beam and laser beam for welding, and they have
the advantage of narrow heat affected zone [3]. Even with
the use of such advanced welding techniques, materials are
still prone to corrosion, invariably due to (i) variation in
composition, (ii) accumulation of residual stress, and (iii)
modification inmicrostructure in theweld zone [1]. Similarly,
solder joints undergo corrosion depending upon the local
environmental conditions. Solder joints are severely prone

to galvanic corrosion as they are comprised of dissimilar
metals or alloy components that are in contact with each
other. In particular, the phenomenon of electromigration is
prevalent in solder joints, wherein corrosion causes build-
up of by-product material between the two metal structures
of different electrical potentials, resulting in a short-circuit
[4].

Another major corrosion phenomenon which is accel-
erated by the presence of stress is stress corrosion cracking
(SCC). In SCC, the imposition of mechanical loads (in
particular tensile stress) on the structure causes increased
sensitivity to corrosion. The required tensile stress for SCC
crack growth may be in the form of directly applied stress
(i.e., external stress) or in the form of residual stress (internal)
[5]. SCC causes catastrophic failure in weldments. Recently,
nanocrystalline (NC) materials (i.e., average grain sizes <
100 nm) are under intense research for their surface proper-
ties. In particular, nanocrystalline Ni-coatings are preferred
as corrosion resistant coatings for metallic substrates [6].
The small grain size and the high volume fraction of grain
boundaries would result in corrosion behavior different
from that of polycrystalline materials. However, the effect
of nanocrystallinity on the corrosion behavior is reported
to vary among metal systems and corrosion environments.
This makes it difficult to predict the electrochemical behavior
of nanocrystalline coatings from that of their coarse-grained
counterparts [7].
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While corrosion can act as a single most dominant
form of degradation in metallic structures, in real-time
applications, it is still a difficult problem to characterize,
quantify, and eliminate. With advancement in analytical
techniques and superior instrumentation, future research
workwill providemore efficient solutions to control,monitor,
and prevent corrosion.

This special issue encompasses recent research on corro-
sion of materials after advanced surface processing, joining,
and welding. It contains 6 original research articles address-
ing various aspects related to welding, stress corrosion,
soldering, and nanocrystalline coatings used in awide variety
of applications, summarized as follows.

1. Corrosion of Weldments

1.1. Research Article: “Corrosion Behavior of Welded Joint of
Q690 with CMT Twin”. In this research article, low-alloy
steel of Q690 was welded with the method of CMT Twin.
Cold metal transfer (CMT) process is a combination of 2
independently functioning arc-welding processes into one
single process. Q690 steel is low carbon bainitic steel used
in offshore industry. The exposure of the steel to saline
environment usually leads to severe corrosion problems.
In particular, the presence of Cl− ion from salts such as
NaCl and MgCl

2
in the chloride environment destroys the

protective film and increases the severity of corrosion. In
this paper the corrosion behaviour of CMT weld joint in
3.5% NaCl solution was reported. Hardness increase due to
the appearance of troostite has been observed. While the
corrosion products of regions with varying microstructure
remained the same, at the welded joints Fe (OH)

2
changed

to Fe (OH)
3
. Interestingly, the CMT weld zone showed

lower corrosion when compared to the overheated zone and
the base metal. The better corrosion behaviour at the weld
zone was attributed to the presence of nickel. The degree of
corrosion with respect to microstructure varied as follows:
HAZ > BM >WZ.

1.2. Research Article: “Effect of Rare-Earth Elements on the
Corrosion Resistance of Flux-Cored Arc-Welded Metal with
10CrNi3MoVSteel”. In this researchwork, the flux-cored arc-
welding (FCAW) process was used for welding. It involves the
fusion of a flux-cored wire metal with a base metal and is a
widely used semiautomatic/automatic process. 10CrNi3MoV
steel is a high-strength low-alloy steel (HSLA) widely used
in shipbuilding industry. In this work, the composition of
the flux-cored wires was modified with varying amount of
rare-earth element (cerium rich ferro silicon). The rare-
earth element modified wire was used to weld the steel. The
microstructural, mechanical, and electrochemical properties
of the weldment were reported highlighting the effect of the
rare-earth elements on the weld properties. The addition
of rare-earth elements up to 0.3wt.% resulted in refining
the second phase particles and acicular ferrite structure of
the base metal. Further, charge-transfer channel effect of
the second phase particles was reduced by the addition of
rare-earth elements. At the optimum composition of 0.3%

rare-earth element addition, both mechanical properties and
corrosion resistance of the weldment improved.

1.3. Research Article: “The Analysis of the Influence of Various
Factors on the Development of Stress Corrosion Defects in the
Main Gas Pipeline Walls in the Conditions of the European
Part of the Russian Federation”. In this research article,
investigation of the stress corrosion cracking of gas pipelines
has been reported. The surveyed gas pipeline was made
of large diameter rolled steel pipes (mostly produced by
Khartsyzsk Pipe Plant, KhPP). In this paper, the influencing
factors of stress corrosion defect formation and growth are
reported, which were detected during the inspection and
overhaul of the main gas pipeline section. Mechanical tests
by cyclic loading of samples containing cracks (field testing)
showed no crack growth in the absence of corrosive medium.
Mechanism of development of SCC crack was proposed.
It is reported that there was a consistent pattern between
the width of the opening and the length of the crack. The
appearance of cracks was found to be influenced by various
factors during different stages of life cycle, such as (i) presence
of harmful impurities that contaminate the metal pipe and
(ii) presence of residual stresses in the pipe wall during
manufacturing.

1.4. Research Article: “Pitting Corrosion of the Resistance
Welding Joints of Stainless Steel Ventilation Grille Operated in
Swimming Pool Environment”. The pitting corrosion resis-
tance of a stainless steel ventilation grill welded joint in a
swimming pool environment is reported in this article. In
swimming pools, in addition to plastics, stainless steel is used
for structures/equipment such as ladders, ventilation systems,
barriers, and drainage grills. Ventilation grills are usually
welded using resistance welding. Corrosion behaviour of the
welded joint showed pitting corrosion.The heat affected zone
in the weldment showed severity of corrosion when com-
pared to that of the base metal. The poor corrosion resistance
of the weldment was attributed to the low quality finish of the
weldment, which resulted in unstable weld microstructure
that resulted in acceleration of pitting corrosion due to ease
of migration of chloride ions.

2. Corrosion of Solders

2.1. Research Article: “Corrosion and Leaching Behaviours of
Sn-0.7Cu-0.05Ni Lead-Free Solder in 3.5 wt.%NaCl Solution”.
In this research article, a new lead-free solder alloy with
composition Sn-0.7Cu-0.05Ni was investigated for its cor-
rosion and leaching behaviour in 3.5wt.% NaCl solution.
The highest corrosion rate was observed in the alloy when
compared to Sn-Cu and Sn-Ag-Cu alloys, from potentio-
dynamic polarization measurements. In contrast, 30-day
leaching measurements showed reduction in leaching rate in
the developed Sn-Cu-Ni alloy solder joint when compared to
that of the Sn-Cu and Sn-Ag-Cu joints. This was attributed to
the formation of thin passivation film after 15 days. The joint
showed higher leaching rate when compared to the alloy due
to galvanic corrosion at the surface, which was confirmed by
the presence of tin oxides on the surface.
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3. Nanocrystalline Ni-Surface Coatings

3.1. Research Article: “Improvement of Corrosion Behavior of
Nanostructured Ni Coating by Jet Electrodeposition and Laser
Remelting”. In this research article, an effective method to
improve the corrosion resistance of Ni coating predeposited
on 304 stainless steel (1Cr18Ni9) by jet electrodeposition
has been reported. The Ni coating was treated by laser
remelting so as to improve the coating microstructure and
interfacial properties. Corrosion experiments revealed that
the as-coated Ni surface had optimal corrosion resistance due
to fine grains and dense microstructure when compared to
the uncoated substrate. After laser remelting, the corrosion
rate decreased significantly owing to the modification in
microstructure and enhanced bonding between the coating
and substrate. It was identified that the corrosion behaviour
of Ni coating on steel substrate can be greatly enhanced by
employing laser remelting of the coating.

Xizhang Chen
Arvind Singh

Sergey Konovalov
Juergen R. Hirsch

Kai Wang
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Low alloy steel of Q690 was welded with the method of CMT Twin. The corrosion behavior of welded joint had been investigated
using scanning vibrating electrode technique (SVET) in 3.5% NaCl solution. The research results showed that the appearance of
the troostite increased the hardness of the heat affected zone. Furthermore, the corrosion products of different microstructure were
identical, and the white products (Fe(OH)2) of welded joint turned into products of rufous (Fe(OH)3).The quantitative information
provided by SVET was discussed, and the corrosion degree was measured by some parameters. In comparison with other areas, the
corrosion rates of the overheated zone and the base metal were higher. Then, the corrosion resistance of the weld zone with CMT
Twin was greatly improved, when compared with that of the base metal. Therefore, Ni has significant influence on corrosion resis-
tance of weld zone. In summary, it can be discovered that the corrosion rates of various zones were related to the welding heat input.

1. Introduction

Q690 steel is known as a typical low carbon bainite steel
with excellent mechanical properties, and it is widely used in
offshore engineering industry [1, 2]. However, the complex
chloride environment tends to be invalidated ahead of life-
time in welded parts, so it is significant to study the corrosion
behavior of welded parts [3, 4]. Furthermore, the chloride
environment containsmore inorganic salts (such asNaCl and
MgCl2) [5], and Cl− is the most important corrosive ion.
Subsequently, Cl− is able to destroy the protective effect of
the corrosion scales, and it significantly increases the activity
of the matrix. So Cl− can accelerate the corrosion rate, and
eventually lifetime of the welded joint will be reduced. Owing
to the difference of microstructure in the welded joint, the
corrosion situation is different. Various traditional corrosion
detectionmethods [6, 7] obtain the corrosion condition of the
whole electrode only and cannot get the corrosion behavior
of the microregions. On microstructure and grain size of
the welded joint, the electrochemical method of microregion
has peculiar advantages over the classical electrochemical
method.

Scanning vibrating electrode technique (SVET) [8, 9] is
to study the corrosion resistance of samples by detecting the
local corrosion potential (current) information of samples
without touching the surface of the sample. However, welding
defects can affect the electric potential of SVET, thus affecting
test results [10, 11]. Therefore, SVET has been widely used in
the research of various types of corrosion, such as pitting,
intergranular corrosion, and stress corrosion [12, 13].

In previous researches the corrosion behavior of welded
jointwas studiedwith SVET.Wang et al. studied the corrosion
behavior of HAZ in acidic soil solution with SVET [14].
The results demonstrated that microstructure of granular
bainite mixed with ferrite was with the highest charge trans-
fer resistance and the most positive current density value.
Acicular ferrite of base metal displayed the lowest charge
transfer resistance and the most negative current density.
Liu et al. studied the corrosion properties of welded joints
with different heat input in high strength low alloy steel [15].
Fuertes et al. used SVET to investigate oxide dissolution and
initiation and propagation of corrosion on the welded zone
[16]. Luo et al. used SVET to study stress corrosion cracking
in heat affected zone [17]. The formation and development
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Table 1: The chemical compositions of the tested steel (Q690) and ER 110S-G (wt%).

materials C Si Mn P S V Ti Cr Ni Cu
Q690 ≤0.18 ≤0.50 ≤1.70 ≤0.025 ≤0.02 ≤0.15 ≤0.2 ≤0.3 ≤0.50 ≤0.30
ER 110S-G ≤0.1 0.4-0.8 1.5-1.8 ≤0.02 ≤0.02 — — — 1.3-1.6 0.2-0.4

of stress corrosion cracking were explained. Ma et al. used
SVET to investigate the localized corrosion behaviors of
the welded joint [18]. They discovered that there were the
maximum microhardness and the densest microstructure in
the welded zone compared with the other zones. And the
welded zone presented the lowest current density due to the
presence of iron oxides and the densest microstructure, thus
showing the excellent corrosion resistance. Indeed, the SVET
results reveal that the corrosion rates of welded specimens
are associated with the welding heat input and corrosion
products.

The above studies indicate that the variousmicrostructure
of the welded joint is an important parameter of affect-
ing corrosion resistance. Adopting local electrochemical
measurement techniques for characterizing the localized
corrosion of welded joint can better reveal the corrosion
mechanism, and the corrosion behavior of welded joint with
different microstructure is clearly evaluated. It is relatively
rare to study the corrosion resistance of welded joints with
SVET technology in chloride environment. Therefore, it is
significant for the research of Q690 in 3.5% NaCl solution.

In this work, a SVET method provided further valuable
information on different microstructure of the welded joints
and evaluated the corrosion resistance of the welded joint.
Combinedwith themicrostructure and hardness analysis, the
corrosion behavior of Q690 with CMT Twin in 3.5% NaCl
solution was carried out.

2. Experimental

2.1. Materials. The low alloy steel of Q690 was welded with
CMT Twin, and the dimension of groove was shown in
Figure 1. In this work, the welding wire (type: OK AristoRod
69/ER110S-G, produced by ESAB company) of 1.2 mm in
diameterwas utilized as the fillingmaterial inwelding groove.
Moreover, a weldingmachine (type: TransPuls Synergic CMT
5000, produced by Fronius Company) was utilized, and a
mixture of 82% Ar + 18% CO2 was selected. The chemical
compositions of the base material Q690 and the wire were
shown in Table 1.

2.2. The Test Method

2.2.1. Hardness Analysis. Microhardness test was conducted
through a nanoindentation measuring device (type: HVS
1000).The test force was 1 Kgf and the force duration was 10 s.
The distance between each point was 0.5mm.The connection
between hardness value andmicrostructure is very close.The
hardness is very important in mechanical properties of the
materials.

Figure 1: Schematic illustration of welded groove.

Figure 2: Cross section macro-images of the weld joint.

2.2.2. Microstructure Analysis. The micro-images of cross
sectionwere shown in Figure 2, which exhibited that joint had
goodwelding quality.Microstructure samplesweremachined
with 10mm×10mm×5mm, which ensured that the specimen
contained base metal (BM), heat affected zone (HAZ), and
weld zone (WZ). Prior to microstructure testing, the sample
was polished sequentially with the number of 120, 240, 400,
600, 800, and 1000 emery papers and then polished to
the mirror with 1.5 mm diamond paste. After drying, the
specimen was etched by a mixture of 4% nitric acid and
ethanol (weight fraction). The sample was dried with air
compressor; microstructure of the sample was observed with
metalloscope.

2.2.3. Corrosion Behavior Analysis. All sides of the specimen
were embedded in an epoxy resin except the exposure sur-
face, and the working area was 14mm×14mm. Polish the face
of the specimen, clean the surface with anhydrous ethanol,
and dry it with air compressor. Subsequently, the SVET
measurements were conducted through a PAR370 Scanning
Electrochemical Workstation. The SVET test was adopted
by the Versa SCAN electrochemical scanning system, and
the scanning microprobe was a Pt-Ir microelectrode with a
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diameter of 50 um. At the beginning of the test, the sample
was placed in the electrolytic cell, and the surface of the
sample remained horizontal.

The scanning probe vibrated in the perpendicular direc-
tion at the surface of the sample, and the distance between
the probe and sample surface was 100 um. The vibrating
amplitude of the microelectrode was 30 um and the vibrating
frequency was 50 Hz in the direction to the surface. The
scanning area was 5 mm × 3 mm, and it scanned from weld
zone to base metal.

SVET measurements were carried out in electrochemical
corrosion testing apparatus at room temperature in 3.5wt%
NaCl solution [19–21]. And the probe was immersed into 3.5
wt% NaCl aqueous solution. The results of SVET were the
ion potential difference of local oxidation-reduction reaction
on the specimen surface, and the data were converted to
local current density according to the specification of data
processing in instrument.

The SVET current density maps and the statistical anal-
ysis of the data were performed with Origin software. The
current densities were displayed in three-dimensional (3D)
maps, showing the spatial distribution of the current density
as a function of the (x,y) position in the scan region. The
current values in the SVET map are positive for anodic
currents and negative for cathodic currents.The contourmap
of the current densities is at the bottom of the 3D maps.

The integrated anodic current (IInt) was used to charac-
terize the corrosion resistance of differentmicrostructure. IInt
was evaluated by integration of the overall anodic current
(iA) on SVET current density map. The whole scan area was
split into 21×21 small squares, and we calculated the scan
area (S) and number (n) of measurement points in each
microstructure. The scan area of WZ, overheated zone (OZ),
normalized zone (NZ), incomplete normalized zone (INZ),
and BM, respectively, was 4.9, 2.2, 2.5, 0.4, and 5.0 mm2, and
n of WZ, OZ, NZ, INZ, and BM, respectively, was 142, 56,
74, 20, and 149. We calculated the anodic current on each
microstructure, and calculation formula is shown by

𝐼int =
S∑iA
𝑛

(1)

(see [22]) where iA is the anodic current density (iA >0)
measurement points in each microstructure.

3. Result and Discussion

3.1. The Hardness of the CMT Twin Welded Joint. The distri-
bution of hardness in welded joint is shown in Figure 3. It
can be shown that the hardness values of the welded joint are
symmetric distribution as a centre of the welded zone. It can
be concluded that the welded joint shows relatively uniform
fluctuations of hardness in BM, and the value is maintained
at about 275 HV. In the vicinity of the heat affected zone, the
hardness of BM decreases to a certain extent, which is due to
the growth of grain on the edge of the HAZ.

The hardness of the HAZ in Figure 3 rises relatively fast,
where the troostite has a high hardness (about 310 ∼ 332 HV).
Simultaneously, the decrease of troostite near theWZ leads to

BM BMHAZ HAZWZ
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Figure 3: The distribution of the hardness in the welded joint.

further decrease of the hardness on the edge of the HAZ. And
the amplitude of descent in hardness is little lower than that of
the BM, as presented in Figure 3. It can be shown in Figure 3
that the welded joint shows obvious hardness fluctuation in
HAZ, which reveals the inhomogeneous microstructure of
HAZ. This leads to heavy corrosion for HAZ in 3.5% NaCl
solution. However, the hardness of the HAZ is determined by
the tendency of brittleness in the BM and the cooling speed
of the HAZ. This means that the brittleness and hardness
of the BM are determined by the chemical composition,
while the cooling rate of the HAZ is mainly affected by the
welding specification. Generally, the chemical composition of
the BM is certain, and the hardness of the HAZ can only be
improved by changing the cooling rate after welding. It can
be confirmed that the microstructure of the WZ consists of
the bainite and a small amount of acicular ferrite, and the
hardness is kept at 285 HV, slightly higher than that of the
BM.

3.2. Microstructure of the Welded Joint. It can be shown
in Figure 4(a) that the microstructure of BM consists of
a mixture of ferrite with low carbon slabs and carbide.
Meanwhile, the same size of the bainite is parallel with
arrangement in direction, which formed the bainite-rich
region. The microstructure of lower bainite (LB) is mostly
featured with the lath ferrite (F), and from the austenite
grain boundary to the intragranular one the parallel growth
of ferrite is shown. Simultaneously, the short rod-like black
product with intermittent is cementite, which exists in lath
ferrite. Moreover, it can be shown in Figure 4 that the welded
joint shows obvious crystal boundary of austenite in BM, and
the distribution of ferrite is very homogeneous. Specifically,
the grain orientation in the region is larger, and plenty of
bainite regions are formed.

Figure 4(b) shows optical micrographs of the cross sec-
tion of the different welding regions (incomplete normalized
zone (INZ) and NZ) of the welded joint. It can be shown
that the troostite (black substance) is precipitated out of the
coarse bainite in HAZ, and it gradually diffuses into the BM.
It obviously detects the diffusion process of the troostite in
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Figure 4: The microstructure of BM, INZ, NZ, OZ, and WZ.

INZ, while NZ is completely covered by the troostite (T).
This means that this zone has high mechanical properties
(hardness and strength).

Figure 4(c) shows the microstructure of OZ, in which the
upper left corner isWZ. It can be seen that themicrostructure
adjacent to WZ is relatively coarse and the grain boundary is
clear.Moreover, themicrostructure adjacent to the fusion line
shows that the microstructure of the welded zone is relatively
finer compared with the BM, and there also exists black
granular troostite in the grain boundary of austenite (A). In
the area of BM adjacent to WZ, it can be clearly shown that
themicrostructure of the BM is basically perpendicular to the
fusion line, and bainite (B) becomes longer. InHAZ, the grain
boundary of austenite is obvious, and the microstructure of
HAZ is obviously more coarse than that of BM, as presented
in Figure 4. Owing to the lower heat input and high speed
of cooling after welding, massive bainite with a high density
dislocation is formed with dispersive distribution of carbide.
The appearance of bainite presents a thin strip and a series of
slabs are arranged in parallel. As a result, the same direction
bainite grows to form a regional strip, and the slabs of the
bainite intersect each other.

Figure 4(d) presents the microstructure of WZ; it can be
shown in Figure 4(c) that the microstructure is finer. After
magnification, the granular bainite (M-A constituent) is dis-
tributed homogeneously. It is well known that the cooling rate
greatly affected the formation of granular bainite.The cooling
rate influences the growth of factors such as the generation
of a significantly quenched hardening structure. Moreover,

the low cooling rate increases the austenitic isothermal
time, which is favorable for the short-range diffusion of
carbon atoms. The quantity of the carbon concentrated in
the primary austenite will be suppressed, being affected by
the welding heat input, when the bainite ferrite is generated
during the bainite transformation. The bainite ferrite forma-
tion is prevented by the primary austenite, while the carbon
concentration reached a critical value.Therefore, the residual
austenite transforms into the M-A island that is distributed
within the ferrite matrix. Subsequently, the lath and granular
bainite microstructures are generated. Therefore, a large
number of small M-A islands are distributed evenly in ferrite
matrix. In the process of granular bainite formation, ferrite
with precipitating out of austenite firstly is featured with the
shape of lath. Meanwhile, lath ferrite with high dislocation
density leads to high strength of materials. Owing to the hard
phase of M-A islands, the M-A islands are precipitated by
way of small and dispersed precipitation. Indeed, the inter-
action between M-A islands and the dislocation hinders the
dislocation movement. In other words, the way of dispersion
strengthening improves the strength of the steel.

3.3. Corrosion Behavior of the CMT Twin Welded Joint. The
corrosion of low carbon alloy steel in 3.5% NaCl solution
is typical electrochemical corrosion. When low carbon alloy
steel is immersed in 3.5% NaCl solution, the distribution
of components, phase, and the surface stress of surface
in material are not uniform. Indeed, the distribution of
electrode potential between material surface and interface
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of water is inhomogeneous on the microscale. There are
countless corrosion microcells on the surface of the metal,
resulting in the corresponding anode and cathode areas. The
anode is an active dissolving reaction, namely, Fe-2e =Fe2+.
In the meantime, the corrosive particles in the environment
are mainly O2 and Cl−, in which the concentration of
oxygen is consistent, and the cathode is the depolarization
reaction of oxygen, namely, O2+2H2O+4e=4OH

−.Therefore,
the corrosion rate of the materials may be accelerated by
influencing the adsorption behavior of the corrosive Cl−.
Furthermore, Cl− is a characteristic adsorption ion, which is
able to form a chemical bond of coordination with metal and
adsorb on the surface of the metal. This effect usually causes
the change of charge on the metal surface.

3.4. SVET Current Density Maps. The SVET current density
maps for various periods in 3.5% NaCl solution are demon-
strated in Figure 5. Simultaneously, the boundary lines of
different microstructure were displayed in X axis.The anodic
current appeared at different sites, and the anodic area is
mainly located at the BM in 0 hour (Figure 5(a)). The 0 hour
is the time for SVET to scan the once.

At the beginning of time (0 h), the corrosion resis-
tance of the BM and HAZ is worse. In addition, due
to the influence of the heat input during the process of
welding, there is obvious differentiation of microstructure
between BM and WZ. There is obvious potential difference
between the WZ and BM, resulting in galvanic corrosion.
Following this, the cathode region appears in the WZ and
thus is protected. In the meantime, the microstructure in
the HAZ is relatively coarse. As a result, the corrosion
resistance of the WZ is better than BM. The microstructure
of WZ consists of the granular bainite (M-A constituent),
as presented in Figure 4. Granular bainite consists of a
mixture of ferrite and austenite, and ferrite is surrounded
by austenite. In addition, phase transition temperature of
bainite is low, and the diffusion ability of alloy elements is
relatively worse. Therefore, the uniform bainite reduces the
potential difference between the anode and cathode. Thus, it
is indicated that the corrosion rate reduces to some extent,
especially the tendency of localized corrosion. In addition,
grain boundary of bainite is small angle grain boundary, and
interfacial energy can be lower, and the impurity content of
grain boundary is low, making it shows excellent corrosion
resistance.

It has been established that, with the increase of time (2
h), the SVET current density in anode region and cathode
region decreases. In the initial period of corrosion, the
unstable product Fe(OH)2 is formed on the surface of the
sample, which to some extent inhibits the process of anodic
dissolution of the corrosion reaction, thus reducing the
corrosion rate [23]. The anodic current density peak appears
in BM, and the area of higher anode current significantly
reduces. In the meantime, the cathodic area appears in
the HAZ, and the number significantly increases. When
time is 4 h, the anodic current density peak appears in
WZ. In other words, the anode area is moved from BM
to the WZ. Owing to the porous structure of the new rust

layer, the rust layer cannot provide adequate protection,
so the rust layer on the sample surface is continuously
increasing, as shown in Figures 5(b)–5(d). When the cor-
rosion time is 6 h, the peak current area and quantity
of the anode decrease gradually. Thus, it means that the
corrosion rate of the whole regional greatly reduces, and
there are only scattered anode current peaks at the edge
of the weld zone. The cathode region appears in HAZ and
the BM, which improves the corrosion resistance of the two
regions.

3.5. Current Peak of Anodic and Cathodic. It is possible to
go further and attempt to extract more information from the
SVET results. As shown in Figure 6, it can be observed that
the welded joint exhibits the current peak of anodic (iA,max),
cathodic (iC,max), and the average current density (iAve) in
SVET maps. It can be seen from the graph that the peak of
cathode current and anode current are decreasing gradually,
while the average current is moving around zero. The test
of corrosion was conducted without external polarization,
so the anodic currents and cathodic currents are balanced
and the net current should be zero. In general, the current
peak of cathode and anode should be equal in value, and
the average current density should be zero. However, the
difference between the anode and cathode current peaks
in SVET maps results in an average current deviation of
zero. The reason for this deviation may be that the current
density of the SVET maps is not measured at the same time.
In the process of scanning, corrosion behavior and current
distribution are constantly changing. As shown in Figures
5(a)–5(d), the current density of different microstructure
varies considerably with the increase of corrosion time. This
shows that the process of electrochemical is instantaneous,
which changes at any time.

3.6. Corrosion Behavior of Different Zone. Integrated anodic
current of different microstructure is as shown in Figure 7.
It shows that the integrated anodic current (IInt) of OZ
and BM is larger than that of WZ in the whole corrosion
process. Combined with SVETmaps, the corrosion tendency
of microstructure in WZ is relatively high and the corrosion
rate is low. At the same time, the degree of corrosion in
WZ is lower than that of BM. As the iron dissolves, the
integrated anodic current in BM and OZ decreases gradually.
Moreover, the corrosion products decrease the corrosion
rate of WZ and BM. Due to the coarse microstructure in
HAZ, the integrated anodic current increases (0-2 h). With
the oxidation of Fe(OH)2, the integrated anodic current
of BM and OZ increases slightly (2-4 h). As the size of
microstructure varies, IInt in the BM decreases, while IInt
in OZ is relatively stable (4-6 h). Generally, the size of
the integrated anodic current reflects the corrosion rate of
different regions. With the formation of corrosion products,
the corrosion rate ofNZ gradually decreases (2-6 h).Theweld
zone is protected by the cathode and the degree of corrosion is
little. Compared with the NZ, the corrosion resistance of the
INZ is enhanced, which is due to the decrease of the amount
of the troostite.
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Figure 5: SVET current density maps of (a) 0 h, (b) 2 h, (c) 4 h, and (d) 6 h.
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Figure 8: The macroscopic appearance of different corrosion time.

3.7. Macro Analysis of Welded Joint after Corrosion. The
macroscopic appearance of different corrosion times in
welded joint is demonstrated in Figure 8. Figure 8(a) reveals
that different degrees of corrosion occurred in the BM, WZ,
and HAZ. That is to say, the results are in agreement with
the distribution of current density maps (Figure 5(a)). The
white corrosion products, including Fe(OH)2, are mainly
distributed in theHAZand the zone adjacent to theHAZ (BM
and WZ). In the WZ, the white corrosion products, which
are away from the area ofHAZ, gradually decrease.Moreover,
on the right of Figure 8(a), the coarse microstructure of HAZ
leads to lesser corrosion product.

When corrosion time is 2 h, white corrosion products
disappeared, and a few corrosion products (Fe(OH)2) with
rufous appear. Furthermore, it is apparent that the boundary
of the HAZ and the BM basically disappeared. That is to
say, the corrosion products of the BM and the HAZ are
obviously more than the WZ. It is revealed that Fe(OH)2
is easily oxidized to products of gray-green. The products
of rufous are mainly concentrated in the HAZ, and the BM
has fewer corrosion products and the least ones in WZ, as
presented in Figure 8(c). When corrosion time is 6 h, there
are obvious differences in WZ, HAZ, and BM. Figure 8(d)
shows the corrosion degree of WZ is the minimum, and the
corrosion resistance is excellent. Furthermore, the corrosion
products in BMhave not been completely oxidized, and some
corrosion products of white (Fe(OH)2) exist.

As Figure 8 shows, the corrosion degree of each region
is not uniform at any time. The grains of granular bainite in

WZ are finer and evenly distributed, and the distribution of
microstructure is uniform. It is well known that the content
of granular bainite is high in Q690. In addition, the small
cathode and large anode lead to reducing the corrosion rate
of WZ in the process of corrosion. As shown in Figure 8,
the WZ displays the excellent corrosion resistance. On the
contrary, the HAZ with coarse microstructure exhibits the
worst corrosion resistance. Itmay also be that nickel increases
the corrosion resistance of the weld area. As shown in Table 1,
there are more nickel elements in the weld zone, in compari-
son with BM.The study shows that the addition of nickel can
form a protective rust layer on the surface, thus improving
the corrosion resistance of the welded zone [24]. Ni has
ability to resist the corrosive action of Cl− ions. Accordingly,
Ni exhibits high corrosion resistance in 3.5% NaCl solution.
This indicates that, as a result of Ni in the welded zone, the
aggressive action of Cl− ions on the surface is suppressed.
This behavior exhibits very important result that the Ni has
influence on corrosion resistance in 3.5% NaCl solution.

In summary, it can be discovered that the corrosion rates
of various zone are associated with the welding heat input.
From this perspective, the corrosion degree ofmicrostructure
is mainly HAZ > BM >WZ.

4. Conclusions

The microstructure, hardness, and corrosion behavior in
welded joint of Q690, which was welded with CMT Twin,
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were studied. The experimental findings support the follow-
ing major conclusions:
(1) The hardness of the base metal was the minimum,

while the hardness of weld zone with tiny microstructure
was higher than that of the base metal. Owing to the coarse
microstructure, the hardness of overheated zone decreased.
The hardness of normalized zone increased with the appear-
ance of the troostite.
(2) As the corrosion time increases, the corrosion prod-

ucts of different microstructure were identical, and the white
products of the welded joint were turned into products of
rufous. In the role of oxygen, Fe(OH)2 was oxidized to
Fe(OH)3. Also, the overheated zone and the base metal
presented a high corrosion rate. The degree of corrosion in
weld zone, which is protected by the cathode, was mild. The
corrosion resistance of the weld zone with CMT Twin was
greatly improved compared with that of the base metal. This
was related to the existence of nickel.
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An effective method to improve corrosion resistance for the nickel coating on the stainless steel(1Cr18Ni9) is described. The nickel
coating was predeposited on the 1Cr18Ni9 by using the jet electrodeposition technology. Then the laser remelting was conducted
on the predeposited Ni coating in order to strengthen the coating’s microstructure and the interface between the substrate and the
Ni coating.The experimental results revealed that, at current density of 40 A/dm2, the deposited coating had the optimal corrosion
resistance because of refined grains and dense interior-structure. After laser remelting, the bonding state between the coating and
substrate evolved to a new metallurgical combination from originally mechanical combination. The corrosion rate comparison
indicated that Ni coating with compound process of jet electrodeposition and laser remelting had higher corrosion resistance
compared with bare 1Cr18Ni9 as well as jet electrodeposited Ni coating.

1. Introduction

Nanocoating technology has attracted wide attention in the
surface engineering. As it is able to improve target material
service performance including corrosion resistant by offering
new mechanical and physical properties. Among nanocoat-
ing preparing methods, jet electrodeposition (JE) technology
has special advantages and has been used for local coating
reaction. Because electrolyte is impinged from the jet nozzle
onto a cathode surface, high rate of mass transport is avail-
able to promote liquid-mass-transfer velocity of electrolyte.
In comparison with other conventional electrodeposition
manners, jet electrodeposition has two advantages. First, it
allows increasing deposition rate as high as tens or even
hundreds of times since a much higher current density can
be used. Second, it provides nano-scaled refining grains of the
depositedmaterial because high current density in use greatly
accelerates the nucleation rate and decreases the grain size as
a result [1–7].

Laser remelting is another important technique to man-
ufacturing high performance coating. By high-temperature
melting the prefabricated coating material on a surface, high
anticorrosion property or other well performance deposits

can be formed over material surface [8]. Therefore, given
the above experimental facts, combining laser remelting with
jet electrodeposition, it is likely to be achieved that coating
material structure may be strengthened after laser scanning
and the deposit qualities, especially the corrosion behavior,
are also likely to be improved [9, 10].

This study is proposed to provide a simple way of
improving 304 stainless steel corrosion behavior. It first
uses JE to prefabricate a nanostructured Ni coating on the
substrate and then makes use of laser radiation to process
the coated substrate to provide a dense crystalline Ni coating,
which is closely combined with the substrate material. Their
characteristic properties were evaluated by scanning electron
microscope (SEM) for the crystal structures characterization
and by hydrochloric acid corrosion test for the corrosion
behavior determination.

2. Experimental Procedure

A self-developed jet electrodeposition setup (see Figure 1)
was used to prepare the coating material. The setup is mainly
composed of the computer control system, framework,
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Figure 1: Experimental setup for nickel jet electrodeposition.

electrolyte circulatory system, nozzle and its hoisting mecha-
nism, DC power, and other parts.

304 stainless steel (1Cr18Ni9) was chosen as substrate
material, with specimen size 100mm×20mm×2mm. Pre-
treatment process for the specimens was needed before
experiment as follows. First, the specimens were grinded
and polished, consequently using 400, 800, and 1000 mesh
metallographic sandpapers. Afterwards, polished samples
were cleaned by using distilled water as well as acetone
soaking for degreasing treatment, for about 5 minutes. The
electrolytes compositions are as follows: nickel sulphate 250
g/L, nickel chloride 60g/L, and boric acid 40g/L, the buffer
reagent whichmaintains the pH value in electrolytic solution.
At the predeposition procedure, the Ni coating was scan-
deposited on the surface of specimen using JE, with the
rectangular nozzle (size 20 mm×1 mm) and electrolyte veloc-
ity (170L/h, 2.5 m/s). The scan-deposit for each specimen
underwent 600 layers, at the scan rate 10 mm/s. Prior to
the JE deposition, a thin nickel layer with a thickness of
150 nm was preelectroplated over the substrate surface in a
standard sulphatewatt bath for use as an interlayer, in order to
enhance the adhesion between substrate and nickel coating.
During the electrodeposition, a group of direct current was
being applied at current density of 30, 40, 50, and 60A/dm2,
respectively.

Afterwards, laser remelting process was conducted using
a SLCF-X12 25 type of CO

2
laser. Remelting process parame-

ters were as follows: laser power 1500W, 2 mm spot diameter,
scanning rate 850 mm/min, and overlapping amount 20%.
Prior to the laser scanning, coating surface is painted black
in order to increase laser absorption rate. Ar gas protection
was used during laser scanning.

The corrosion resistance was determined through a mass
lossmensuration, with each value being derived from average
of three specimens. The corrosion test was performed in a
large tank containing 5 L of 10%HCl aqueous solution as
corrodent with room temperature (25∘C) and not stirred or
aerated. After each specimenwas degreased and cleaned, they
were all set suspended in the corrosive solution to achieve full
corrosion.The coated samples were cut into small specimens
with dimensions of 20mm×10mm×2mm. The corrosion rate

curve was plotted as function of the ratio of mass loss to the
corrosive area and time. The mass loss was examined by a
precision electronic balance with an accuracy of 10−4g.

3. Results and Discussion

Themorphology of electrodeposited nickel coatings (Figures
2(a)–2(d)) displays Ni microstructures at nanometer scale
under different current densities.The deposit coating appears
mainly compact but still contains some macroscopical pores
and defects. An uneven surface and rough grain size (see
Figure 2(a)) were observed under relatively low current
density of 20A/dm2. As current density increased, the deposit
surface became more and more smooth till the current
density reached 40 A/dm2 (see Figure 2(c)). Afterwards, the
overall deposit layer underwent a cellular-like growth and
grew into a larger grain size and deteriorative surface flatness.

As shown in Figure 2, nanocrystalline nickel coating
was electrodeposited on the substrate material-304 stainless
steel(1Cr18Ni9). In the next procedure, high-energy density
laser beam would be used to scan and melt the Ni coating
over the specimen. During the rapid solidification generated
by laser beam, the specimen surface formed a new layer
of coating, as seen in Figure 3, that quite differed from
substrate material composition, which provided substrate
material surface with better performance such as corrosion
resistance. Figure 3 also shows the cross-section of the
specimen after laser remelting. It can be clearly seen that there
were three zones over the cross-sectional surface: tempered
zone, phase transformation hardening zone, and remelted
zone [8]. The variation of the coating’s microstructure after
laser remelting, as shown in the Figure 3, is actually caused
by laser’s unique characteristics, rapid heating and cooling.
When the laser beam is scanning, the coating was cooled
dramatically from the melting state. The nucleus has no
sufficient time grown-up and therefore forms a dense and
fine crystal structure in the remelting layer. Simultaneously,
under the laser radiation, the metal atoms of the deposit
layer and the matrix mutually diffuse each other, which
becomes a new metallic bond between atoms.This transition
successfully generates a metallurgical bonding between the
substrate material of stainless steel and the Ni coating, from
the originallymechanical bonding, so that the adhesion of the
protective coating with the substrate will be strengthened [9].

Figure 4 illustrates the corrosion kinetics of samples
including substrate material-1Cr18Ni9, laser-processed spec-
imens, jet electrodeposited specimens, and the specimens
with jet electrodeposition and laser scanning process. As
seen in the corrosion rate curve, during the first 8 h of
exposure, the substratematerial was in a very quick corrosion
and then the corrosion rate became slow. In the first 20
h, substrate material appeared to deteriorate rapidly while
the nanocomposite-coated ones seem to keep a gradually
declining trend. Based on such results, it may be assumed
that the nanocomposite exhibits an initial and transient cor-
rosion stage that is different from the corrosion of 1Cr18Ni9
counterpart. At the onset of corrosion, the alloy may form
a NiO scale containing many defects, such as pores and
microcracks. In this case, the corrosive liquid penetrates
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(a) (b)

(c) (d)

Figure 2: SEM micrograph under different current densities: (a) 20 A/dm2; (b)30 A/dm2; (c) 40 A/dm2; (d) 50A/dm2.

Figure 3: Laser melting area micrograph at view of 400 x metallo-
graphic microscope 200𝜇m.

through the growing scale through these defects and reaches
the scale/alloy interface.

Also from Figure 4, the corrosion rate is seen to be
greatly reduced after 20 h. This is possibly associated with
two factors. Firstly, the loss of the coated salt that was formed
by corrosive liquid penetration would occur in the later
exposure stage. Secondly, Cr-rich oxides are progressively
formed below theNiO layer, whichmay significantlymitigate
the continuous corrosive attack. With regard to the influence
of laser, in contrast with other three curves in Figure 4,
the curve representing compound process, namely, those
specimens processed by both jet electrodeposition and laser
scanning, can be observed to have better performance,

Figure 4: Corrosion rate versus time curve.

while those specimens only receiving the treatment of jet
electrodeposition show higher corrosion rate than the ones
merely processed by laser. The specimens only treated by jet
electrodeposition have much higher corrosion rate after 26h,
which is better only than the substrate material, unprocessed
304 stainless steel. This phenomenon might be related to the
infiltration of the corrosive medium. On one hand, the laser
enhancement refines the grains of electrodeposited coating.
On the other hand, the corrosive medium from infiltrating is
hardly to travel to the substratematerial through the interface
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(a) (b)

Figure 5: A metallographic image of the surface of the Ni coating after corrosion at view of 400×: (a) without laser processed and (b) with
laser processed.

of coating and substrate which have already become denser
metallurgical bonding [11, 12].

In terms of the corrosion failure mechanism of deposit
coating, many researchers believe that it is the corrosion
medium entering along the pores into the deposit that leads
to the corrosion of metal substrates as well as the material
peeling [13, 14]. In general, the key to improving the erosion
of the deposit layer is to reduce the amount of the through-
holes that actually plays an important role as corrosion
medium penetrating path. However, nickel deposits are more
susceptible to erosion due to the its special high porosity.
If the porosity was decreased in an appropriate way, the
corrosion resistance of the Ni coating might be improved.

In fact, in the use of jet electrodeposition and by laser
strengthening effect, all are in favor of the decrease of the
porosity. This variation of microstructure favorably restrains
corrosive medium from entering inside the coating. Simulta-
neously, many research results show that the laser remelting
can eliminate the deposit’s lamellar structure and make
deposits into isometric and dendrites, therefore contributing
to eliminating loose, porosity, and other defects in the coating
layer. These strengthening effect prevents the infiltration of
corrosive medium as well. However, in the process of laser
remelting, laser, coating, and substrate have very complex
interaction mutually. There exist not only thermal reactions
between laser and nanocrystalline deposits, but also mutual
infiltration between the deposit and substrate material. The
compound process anticorrosionmechanism still needs to be
further explored.

Figure 5 displays the morphology of the specimens after
corrosion. According to Figure 5(a), the corrosion pits evenly
are distributed on the surface of the specimen, indicating
that most of corrosion occur at the surface of the specimens.
In comparison, according to Figure 5(b), the specimen after
laser remelting seems relatively smooth and flat, proving that
laser remelting after jet electrodeposition can improve the
corrosion resistance of the specimens.

4. Conclusions

We herein demonstrated that the corrosion resistance of
stainless steel substrate can improve considerably by coating

their surfaces with Ni coatings using Jet electrodeposition.
With the current density reaching 40 A/dm2, a dense and
grain-refining coating was achieved in favor of prevention of
corrodent infiltrating. The Ni coating underwent the follow-
ing laser treatment to form remelting area, which can further
accelerate the formation of dense and fine structure and
transform the originally mechanical combination between
substrate and coating to the metallurgical combination,
thus enhancing anticorrosion behavior again. The specimens
processed by jet electrodeposition and laser scanning have
the well corrosion performance, better than the specimens
Ni coated by jet electrodeposition and the bare substrate
material.
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We modified the content of rare-earth elements (REE) in the flux-cored wire used to produce welds of high-strength low-alloy
(HSLA) steel. The effect of REE addition on the microstructure as well as on the mechanical and electrochemical properties of
the welded metal (WM) was investigated. REE-modified welded metals show very different responses during electrochemical
impedance spectroscopy and the potentiodynamic polarization tests. The results indicate that the addition of REE of 0.3 wt.%
facilitates a more uniform microstructure and improves both mechanical properties and corrosion resistance in welded metals.

1. Introduction

Welding is a common joiningmethod, which is commercially
used worldwide. The welding process for the manufacturing
of a steel ship, for example, takes up 30%∼40% of the
overall production time. Flux-cored arc welding (FCAW)
is a semiautomatic or automatic arc-welding process that
involves the fusion of a flux-cored wire metal with a base
metal. FCAW in particular is one of the most widely used
welding techniques in themodern shipbuilding industry.The
properties of FCAW joints are largely determined by the used
welding consumables and the base metals used during the
welding process.

10CrNi3MoV steel is a typical high-strength low-alloy
steel (HSLA) that combines strength, toughness, and weld-
ability thanks to Q-tempered processing. This type of steel is
generally used as hull material in high-performance marine
vehicles [1]. Due to the high-performance requirements of the
welded joints in these vehicles, both low-temperature impact
toughness and corrosion resistance of the welded metal
determine the overall performance of 10CrNi3MoV steel.

One of the most effective approaches to improve tough-
ness and corrosion resistance of a welded metal is to alter the
welded metal composition by introducing alloying elements

via the flux-cored wire to act as FCAW filler metals [2].
Generally, rare-earth elements (REE) are considered themost
suitable microalloying elements for any mature alloy system.
A minor addition of REE into the steel can significantly
purify the liquid steel and modify any inclusions, which
improves the steel properties [3–5]. The correct REE content
can improve both impact toughness and temper brittleness
of the welded components. This is due to its effect on grain
refinement, grain boundary cleaning, and the suppression of
grain boundary embrittlement [6]. Theoretical calculations
show [7–9] that REE can increase the grain boundary
cohesion in steel, which leads to toughening of the material
via grain boundary segregation. Furthermore, the addition
of REE can also enhance the high-temperature ductility of
steel [10, 11]. Tomita [12] found that the addition of REE to
vacuum-meltedAF1410 steel can stabilize complex-inclusions
and improve toughness. Gao et al. substantially improved
the toughness of H13 steel by adding 0.015 wt.% REE, which
favors finer and more dispersive inclusions [13].The addition
of REE to welded metals to SAW DH32 steel facilitates both
inclusions and a small lattice disregistry, which improves
elongation, tensile strength, and impact toughness of welded
metals [14, 15]. It has also been reported that REE can
improve the corrosion resistance of low-carbon steels [16, 17].
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Table 1: Chemical composition of REE-Si-Fe (wt. %).

Ce La Nd Pr Sm Ca Si Fe
12.56 4.43 1.41 0.55 4.53 3.1 40.9 Re

Table 2: Selected content of REE-Si-Fe for the weld samples in flux-
cored wire (flux wt.%).

Weld Sample REE-Si-Fe addition
REE0 -
REE1 0.3
REE2 0.5
REE3 0.7
REE4 1.0

However, the effects of REE on the features and properties
of welded metal for 10CrNi3MoV steel, in particular, have
received little attention, and no general agreement on the
correct amount of REE in welded metal has been reported.

It is likely that REE elements can enhance the properties
of welded metal through microstructural control during
FCAW. In this work, the effect of REE addition to the flux-
cored wire on both the microstructure and the properties
of welded metal was investigated. In particular, we focused
on the correlation between REE content and the resulting
properties of the joints.

2. Experimental

The 10CrNi3MoV steel plates were arc-welded using flux-
cored wires with different REE concentrations. REE (con-
sisting of Ce-rich rare-earth ferrosilicon, REE-Si-Fe). The
chemical composition of REE-Si-Fe is shown in Table 1. The
flux-cored wires consist of a metal sheath and a powdered
core; see Figure 1. They were prepared after the shaping of
a cold-rolled strip and the filling of the hollow core with a
powdered mixture and a XZ-YCX8 flux-cored wire produc-
tion machine. In this study, the basic powdered core belongs
to a rutile-fluorite alloying system with a filling ratio of 20%.
The diameter of the finished wire was 1.2 mm. The chosen
REE contents for the powdered cores are shown in Table 2.
Five group samples with different REE concentrations in
the welded metals were fabricated in the laboratory using
identical welding conditions. The chemical composition and
mechanical properties of the 10CrMo3NiV steel base metal
are shown in Tables 3 and 4. The conditions and parameters
for the FCAW process are listed in Table 5. The drawing of
the FCAWgrooves and weldedmetal samples for mechanical
testing were prepared according to the Chinese standard
GB/T17493-2008; see Figure 2.

The chemical composition of the welded metals (except
for carbon, C) was determined using a JY ULTIMA inductive
coupled plasma emission spectrometer. The C content was
determined using a LECO CS600 carbon-sulphur spectrom-
eter. The phases within welded metals were identified with a
D/max-IIIA X-ray diffractometer (XRD). Each welded metal
sample was observed and analyzed with a DMM-440D opti-
cal microscope (OM) and a JEOLJXA-8100 scanning electron

metal sheath

powdered core

Figure 1: Schematic of a flux-cored wire.

microscope (SEM) and its accessory EDX (OXFORD-7412)
after grinding, polishing and etchingwith a 4%natal solution.
The microhardness of the welded metal was measured using
a HVS-1000 micro Vickers hardness tester with a load of
0.3 kgf, using four points on the same circumference of
the 1/2 radius for each sample. Samples for electrochemical
impedance spectroscopy (EIS) and potentiodynamic polar-
ization (PP) testing were taken from the center of the welded
metals along the longitudinal direction. This was done via
linear cutting into squares of 10 mm×10 mm×0.5 mm. Before
the electrochemical tests, the samples were polished with
2000-grid sandpaper, degreased with acetone, washed with
distilled water, and blow-dried. The working areas of the
tested samples were 1cm2, and the remaining areas of the
samples were sealed with wax.The EIS and PP tests were car-
ried out using an Ametek P4000 electrochemical workstation
with a three-electrode system.The working electrode was the
tested sample (1 cm2 working area), the auxiliary electrode
was a Pt plate, and the reference electrode was saturated
calomel electrode (SCE). The electrolyte was a 3.5 wt.% NaCl
water solution. The working electrode was soaked in the
electrolyte in open-circuit-potential (OCP) mode for 30 min
before testing. The EIS mode was set as a frequency of 10−2
Hz ∼ 105 Hz versus OCP with an AC drive signal amplitude
of ±5 mV.The following potentiodynamic polarization mode
was chosen for a scanning potential range of -1.0 V ∼ +1.5 V
versus OCP with a scanning speed of 1 mV/s. The polarized
samples were observed with a SEM.

3. Results and Discussion

3.1. Chemical Composition Analysis. The chemical composi-
tions of the welded metals (only key elements) are listed in
Table 6.The REE addition causes significant changes of the C
and Ni content but only with slight variations in the Si, Mn,
andMo content of the welded metals. Furthermore, there are
rare changes in the Al and Ti content of the welded metals.

3.2. Mechanical Properties of the Welded Metals. Table 7 and
Figure 3 show the mechanical properties of the FCAW-
welded metals with different REE added. In Figure 3(a), the
values for tensile strength, yield strength, and elongation ratio
increase suddenly after the REE addition of 0.3%. The above
test results, however, indicate a gradual decrease when the
REE content exceeds 0.3%, which is lower than for the REE-
free welded metal (REE0) before the REE addition of 1.0%.
Figure 3(b) shows the low-temperature impact energy for
the welded metals. The impact energy for all welded metals
with added REE is higher than for REE-free welded metals,
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Table 3: Chemical composition of 10CrNi3MoV steel (wt. %).

C Si Mn Ni Mo Cr V P S
0.11 0.31 0.39 2.72 0.23 1.05 0.08 0.010 0.005
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Figure 2: Schematic illustrating the grooves in the samples (mm).

Table 4: Mechanical properties of 10CrNi3MoV steel.

Yield
Strength/MPa

Tensile
Strength/MPa Elongation/% Ak -20

∘C/J

590∼745 670∼850 ≥16 ≥80

and it increases significantly as the REE content increases
to 0.3%. However, the impact energy of the welded metals
causes a slight decrease followed by a further REE content
increase to 1.0%. The microhardness of the relevant samples
is very low. The slight fluctuation may be due to the presence

of C in the welded metals [18]. This is because a higher C
content in the REE1 and REE2 welded metals was detected;
see Table 6. In other words, adding REE improves indeed the
mechanical properties of the welded metals significantly.The
correct addition of the right amount of REE can improve the
strength of the welded metals, while REE adding over 0.7%
reduces the strength.

3.3. Microstructural Analysis. Figure 4 shows the optical
morphologies of the FCAW-welded metals with different
REE additions. It is hard to identify any prior austenite
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Figure 3: Mechanical properties of FCAW-welded metals for different REE contents: (a) tensile properties; (b) low-temperature impact
toughness; and (c) microhardness.

Table 5: Welding parameters for FCAW.

Plate form and dimensions (mm) Flat, 300 ×150 ×14
Welding Machine EWM
Power Mode DCEP
Electrode As-prepared wires
Protective gas M21 (80% Ar + 20% CO

2
)

Gas flow rate (L/min) 17 ∼ 20
Preheating temperature (∘C) 150
Current (A) 240
Voltage (V) 26
Interpass temperature (∘C) 150 ∼ 180
Welding speed (mm/s) 6.3 ∼ 7.9
Cooling after welding Air

grain boundaries (PAGB), which means a complete phase
transformation (to ferrite) occurred during cooling. The
microstructure of REE-free welded metal consists of proeu-
tectoid ferrites (PF), acicular ferrites (AF), and a small
amount of bainites (B); see Figure 4(a).Nobainitewas formed
in the welded metals with REE added; see Figures 4(b)–4(e).
This indicates that a microstructure of different forms of
ferrites, i.e., AF, lath ferrites (LF), and granular ferrite (GF),
was formed. After REE addition of 0.3% and 0.5%, as shown
in Figures 3(b) and 3(c), the microstructure of the welded
metals becomes more refined. In addition, the PF size is
limited due to inhibited nucleation of PF. Furthermore, there
is increased nucleation and AF growth due to the added
REE. Some small LF formed due to the continuous growth
of AF. The total amount of grain boundaries increases clearly
because of the formation of AF. There is a high density of
dislocations in the interior of the acicular ferrites, with few
low-angle boundaries. These require higher energy for the
microcracks to cross the AF, which improves crack growth-
resistance [19]. Because there are many large-angle grain
boundaries among adjacent grains, which can increase the
resistance of dislocation motion and the plastic deforma-
tion, the formation of AF increases both strength and low-
temperature impact toughness [20, 21]; see Figure 3. When

the REE content REE exceeds 0.5%, the inhibiting property of
PF nucleation is restored.This is a result of the pollution of the
grain boundaries by REE, which appears as disproportionate
growth of PF [22]; see Figures 4(d) and 4(e). The REE
addition of 0.3% and 0.5% can refine the grains by promoting
the formation of AF effectively.This improves themechanical
properties of welded metals. When the REE content exceeds
0.5%, AF is limited with its growth promotion of LF and PF.
This leads to a reduction in strength and low-temperature
affects the toughness of the welded metals.

If second-phase particles are of suitable size with a
uniform distribution, they could act as nuclei during the
solidification process. Studies [23, 24] show that particles
finer than 0.6 𝜇m facilitate the nucleation of ferrite, while
even more effective nucleation occurs in the 0.2∼0.6 𝜇m
range. Figure 5 shows the SEM images of the welded metals
with different amounts of REE added.The number of second-
phase particles in the REE-free welded metal is small, and
their size is relatively large (up to 3.3 𝜇m in diameter); see the
dark spots in Figure 5(a). It is clear that the number of second-
phase particles increases significantly, while the average size
decreases gradually REE for higher REE content; see Figures
5(b)–5(e). This is substantially different from the REE-free
welded metal, based on the measurement of more than 100
particles. Following a further increase of the REE content (up
to 1.00%), the number of second-phase particles continues to
increase with a discrete distribution and reduced average size.
Some second-phase particles (on amicroscale) are beginning
to appear in the field of view.

Both the number of second-phase particles and the
fraction of different grain sizes were counted using the SEM
images. The statistical results are shown in Figure 6. For
a higher REE content, the size range for the second-phase
particles becomes gradually smaller. Some oversized particles
(up to 3.3 𝜇m in the REE-free welded metal) do not appear
in the REE-added welded metals. The fractions of second-
phase particles between 0.2 and 0.6 𝜇m in Figures 6(a)–6(e)
are 70.2%, 77.8%, 74.4%, 49.9%, and 46.4%, respectively. This
shows the first increasing and then decreasing trend if the
REE content increases. However, the fractions of particles
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Table 6: Chemical composition of the welded metals (wt. %).

welded metal sample C Si Mn Mo Al Ti Ni
REE0 0.033 0.30 1.59 0.23 0.013 0.030 2.39
REE1 0.12 0.25 0.97 0.11 0.011 0.028 1.07
REE2 0.16 0.29 1.44 0.17 0.014 0.031 1.77
REE3 0.056 0.42 1.47 0.23 0.014 0.029 2.41
REE4 0.036 0.33 1.42 0.25 0.013 0.032 2.34

Table 7: Mechanical properties of the welded metals with different amounts of REE.

welded metal Tensile Strength/MPa Yield Strength/MPa Elongation /% Average Impact Energy at -40∘C/J Micro-hardness/HV
0.3

REE0 687 548 21.2 25.3 249
REE1 753 599 22.5 36.3 260
REE2 738 583 20 27.7 264
REE3 717 572 14.2 27 254
REE4 664 547 14.5 28 240
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Figure 4: OM images of FCAW-welded metals for different REE contents:(a) REE-free, (b) 0.3 wt.%, (c) 0.5 wt.%, (d) 0.7 wt.%, and (e) 1.0
wt.%.

below 0.2 𝜇m are 0%, 0%, 8.1%, 28.1%, and 44.9%, respec-
tively, which represents an upward trend for increasing REE
content. Hence, a very high REE content can reduce the size
of the second-phase particles, and the slope describing the
mechanical properties of welded metals becomes negative.
When the REE content is optimal (0.3%), most of the second-
phase particles form in the size range of 0.2 to 0.6 𝜇m,
which facilitates the formation of AF and results in the best
mechanical performance of welded metals.

The EDS results for the second-phase particles are shown
in Table 8. There are mainly three elements (Fe, Mn, and Ni)
in the matrix, with a fluctuating variation of the components.

However, the types and compositions of the elements in
the particles of different samples are somewhat different,
whose main elements consisted of O, Al, Si, Ti, Mn, and
Fe. Because the particles are located within the matrix, the
EDSdeterminationwill include part component of thematrix
into the results. Moreover, the content of Fe is about 45%,
the highest of all elements; it can be considered that the Fe
mainly stems from the matrix. There is a small amount of S
in the second-phase particles in three groups of samples with
0.3% REE, 0.5% REE, and 0.7% REE, respectively. A certain
amount of S element in the alloy steel is beneficial to the
improvement of its machinability. However, for the welded
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Figure 5: Typical SEM images of welded metals with different REE contents: (a) REE-free, (b) 0.3 wt.%, (c) 0.5 wt.%, (d) 0.7 wt.%, and (e) 1.0
wt.%.
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Figure 6: Dimension (size) and ratio of the second-phase particles in welded metals with different REE contents: (a) REE-free, (b) 0.3 wt.%,
(c) 0.5 wt.%, (d) 0.7 wt.%, and (e) 1.0 wt.%.
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Table 8: EDS results of the matrix or second-phase particles for each welded metal with varying REE content.

Items Matrix Second-phase particle
Elements Mn/% Fe/% Ni/% O/% Al/% Si/% Ti/% Mn/% Fe/% S/% Ni/%
REE0 1.42 96.27 2.31 16.86 4.26 2.57 14.12 18.55 42.91 / 0.73
REE1 1.72 96.13 2.15 16.92 3.91 6.47 6.73 15.34 49.85 0.14 /
REE2 2.39 94.99 2.62 14.38 5.25 5.10 9.29 17.32 46.65 2.01 /
REE3 1.43 95.61 2.96 20.61 6.09 6.00 12.25 13.30 39.25 2.50 /
REE4 1.23 96.39 2.38 16.68 4.53 6.66 6.48 14.99 50.67 / /

metal, a tiny amount of S can greatly reduce its performance.
In this work, it can be found that correct REE content can
aid S to accumulate into the second-phase particles, which
originally dissolved in the matrix. Thus, it will reduce the
harmful effects on the matrix to increase the strength of weld
metal.This conclusion is consistent with the above discussion
of the mechanical properties in Figure 2. With the increasing
REE addition, the relative contents of the nonmetallic ele-
ments O, Si, and S in the second-phase particles show a rising
trend, and the content of Al and Fe increased slightly, while Ti
and Mn decreased slightly. Mn and Ti tend to deoxidize and
remove impurities to form refractory-phase impurities like
MnS or TiO, combined with S or O. These discharged from
the welded metal into the welding slag with the right content
of nonmetallic elements O and S. Enrichment with oxygen
in the welded metal tends to increase the possibility of the
generation of weld blowholes, which can induce cracks and
become the sources of microcracks under external load. This
decreases both the strength and the low-temperature impact
toughness of the weld metal. Sulphur could form banded
FeS, when combined with Fe and weaken the consistency of
the weld metal. The right amount of Si cannot only act as a
deoxidant but also formAl-Mn silicate particles and facilitate
nucleation. Therefore, adding REE causes the elements of O,
S, and Si to accumulate in the second-phase particles instead
of the matrix, which purifies the matrix and refines the grains
or microstructure effectively. As a result, the strength and
low-temperature impact toughness of the weld metal are
improved using REE.

Phase compositions for each sample were determined
using XRD, and the results are shown in Figure 7.The matrix
consists of 𝛼-Fe (AF), and the second phase consists mainly
of an Al-Ti phase and (Al,Mn)xSiO4 (Al-Mn silicate) phase.
Furthermore, (Al, Mn) xSiO4 is composed of a variety of
metallic or nonmetallic oxides including Al

2
O
3
, MnO, and

SiO
2
, which play a strong role in deoxygenation and greatly

reduce oxygen in the weldedmetals. During the solidification
process of the weld pool, the second-phase particles, which
consist of Al

2
O
3
, MnO, and SiO

2
, formed preferably with

high surface-energy [25], where the crystal nuclei for ferrite
form. In this way it can substantially reduce the potential
barrier for nucleation during the phase transformation from
𝛾 to 𝛼 phase. The second-phase particles in the weld metal
are mostly a complex mixture of different phases. Therefore,
each phase can be regarded as a high-energy region and form
a nucleus for acicular ferrite. Multidimensional nucleation
occurs at the end and causes acicular ferrite to overlap, which
results in refined grains.
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Figure 7: XRD analysis results of different FCAW-welded metals.

3.4. Electrochemical Properties. The EIS responses of the
FCAW-welded metals with different REE contents in a 3.5
wt.% NaCl solution were measured to study effects on the
electrochemical properties. Our results are shown as Nyquist,
Bode, and Bode-phase plots in Figure 8. The Nyquist plots
of all welded metals are imperfect semicircles (Figure 8(a)),
i.e., capacitive arcs with similar capacitive response. Only a
single depressed semicircle for each welded metal appears
in the Nyquist plots, which indicates that only one time-
constant is present in EIS.The imperfect semicircle-diameter
for REE4 is the largest. It shows the largest capacitive arc and
the best antidissolution properties.The imperfect semicircle-
diameters for REE welded metals, with REE added (REE1,
REE2 andREE3), are smaller than theREE-freeweldedmetal.
In the low-frequency range of the Bode plots (Figure 8(b)),
the samples with higher electrical resistance possess stronger
corrosion resistance.This is consistentwith our analysis of the
above Nyquist plots. In Figure 8(c), each spectrum shows one
single sharp peak, with maximum phase-angles below 70∘.
This means the EIS capacitive response of the welded metals,
with or without REE addition, is not pure or ideal. Hence,
there is only one time-constant and low reactive resistance,
which is similar to the results reported by R.M. Domene et al.
[26].

To simulate the measured impedance data and explain
the general corrosion process, the equivalent circuit shown
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Figure 8: (a) Nyquist, (b) Bode, and (c) Bode-phase plots for the FCAW-welded metals with different REE contents versus OCP in a 3.5wt%
NaCl solution.

Rs CPE

Rct

Figure 9: Equivalent circuit used to model the experimental EIS
data.

in Figure 9 was adopted. The variations of the impedance
parameters are shown in Table 9, and the respective errors are
below 5%. Consistent with the active dissolution mechanism,
Rs is the solution resistance, and Rct represents the charge-
transfer resistance from the metal to the electrolyte, which
can be defined as the corrosion resistance for the sample in
the electrolyte. Furthermore, CPE accounts for the constant
phase element corresponding to the metal in this equivalent
model, as reported by Y. Chen et al. [27]. The welded metal

Table 9: Impedance parameters for the EIS-tested welded metals.

welded
metals Rs (Ω⋅cm

2) Capacitance
(F) Rct (Ω⋅cm

2)

REE0 8.03 0.0006136 637.3
REE1 8.17 0.001366 401.7
REE2 8.19 0.001321 529.7
REE3 8.13 0.0008468 493.8
REE4 7.89 0.000742 843.7

(with 1.00 wt.% REE addition) has the highest Rct (983.0
Ω⋅cm2), and the REE1 welded metal has the lowest Rct (447.6
Ω⋅cm2). Only the REE4 welded metal with 1.00 wt.% REE
content shows a higher Rct than its counterpart for the REE-
free welded metal.
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Table 10: Electrochemical data of the welded metals with different
REE contents as obtained from potentiodynamic polarization mea-
surements in 3.5 wt.% NaCl solution.

welded
metals Ecorr (mV)

Icorr
(𝜇A/cm2)

Rp
(Ohms/cm2)

REE0 -344 24.9 1047.2
REE1 -546 13.4 1945.7
REE2 -544 14.0 1862.5
REE3 -403 13.6 1918.3
REE4 -527 16.5 1579.5
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Figure 10: Potentiodynamic polarization curves for the welded
metals with different REE contents.

After the EIS tests, potentiodynamic polarization mea-
surements were carried out, in a 3.5 wt.% NaCl solution
at room temperature. The results are shown in Figure 10
and Table 10. Corrosion potential (Ecorr) is a static indicator
for electrochemical corrosion resistance to describe corro-
sive susceptibility of a material. In this study, all welded
metals with REE show a lower corrosion potential than the
REE-free welded metal; see Table 10. The REE-free welded
metal has the highest Ecorr (-344 mV), while the REE1
with the minimum REE addition has the lowest Ecorr (-
546 mV). This indicates a small REE addition has already
a significant effect on the corrosive susceptibility in welded
metals. However, higher corrosive susceptibility does not
mean thematerial corrodes easily. According to the Tafel rule,
corrosion current density (Icorr) is a key factor and closely
related to the corrosion-dissolution rate. Furthermore, the
related polarization resistance (Rp) is used to determine the
corrosion rate at any given time. In addition, lower Icorr
and higher Rp indicate a higher corrosion resistance. The
polarization curves for all welded metals with or without
REE show typical signs of active dissolution in the 3.5 wt.%

NaCl solution. The active dissolution mechanism is further
confirmed by the high Icorr compared to the calculated 10
𝜇A/cm2 for all welded metals; see Table 10. REE-free welded
metal (REE0) has the highest Icorr (24.9 𝜇A/cm

2) and the
lowest Rp (1047.2 Ohms/cm2). REE could retard the anodic
process and cathode process to reduce the corrosion rate of
welded metal. Ecorr negatively moved, due to greater effect of
REE on the equilibrium potential of cathode reaction [28].
The shapes of all polarization curves are basically the same,
which shows that the corrosion mechanism of different REE
has not changed. Both Icorr and Rp of the welded metals
improved, due to the addition of REE. They are better than
for Re-free welded metal. The REE addition could reduce the
corrosion-dissolution rate and improve corrosion resistance
of welded metals. REE1, with an REE addition of 0.2%,
shows the strongest corrosion reduction effect, for the highest
Rp (1945.7 Ohms/cm2) and the lowest Icorr (13.4 𝜇A/cm

2).
In other words, the reduction effect weakens after adding
REE, due to the increased Icorr and reduced Rp for REE2 to
REE4.

It is interesting that Rct and Rp of the welded metals with
different REE contents show different trends. Considering
the effect of REE, the difference between the Rct and Rp
values might depend on the second-phase particles. The
correlations between second-phase particle size and the
resistances are shown in Figure 11. It has been reported
that a ferrite phase dissolves better during galvanic cor-
rosion [29], and secondary phases act as a pathway in a
corrosive environment [30]. The REE second-phase parti-
cles have no significant effect on the resistance of REE-
free welded metals. REE RCT changes inversely with the
size of the second-phase particles in welded metals that
contain REE; see Figures 11(b) and 11(d). The second-phase
particles provide charge-transfer channels during the EIS
tests. Large second-phase particles provide larger channels,
which increase the active dissolution efficiency. By increas-
ing the content of REE, the refining particles restrict the
charge-transfer process between the welded metal and the
electrolyte. This increases Rct and leads to better corrosive
resistance. The polarization test considers complex factors
for the evaluation of corrosion properties, including the EIS
response. For REE-containing welded metals, the Rp values
are proportional to the second-phase particle sizes of the
welded metals; see Figures 11(a) and 11(c). The Rp values are
the opposite of the Rct values. Welded metals with larger
second-phase particles show higher Rp values. This can be
due to the electric-potential increase of the second-phase
particles containing REE. The REE content affects both sizes
and ratios of the second-phase particles and the corrosion
properties of HSLA welded metals as well as the mechanical
properties.

The morphology of the welded metals after electrochem-
ical testing is shown in Figure 12. Significant microcracks can
be observed on the corrosive surface of the REE-free welded
metal shown in Figure 12(a). The number of microcracks
varies with the Rp values of the different REE-containing
welded metals. No obvious microcracks were found on the
corrosive surface of the REE1 sample; see Figure 12(b).
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Figure 11: Correlation between second-phase particle sizes and the resistance in different welded metals.

However, microcracks REE can be seen clearly on the REE4
sample in Figure 12(e). During the electrochemical tests, the
microcracks generated in the oxide films provide the channels
for the electrolytes to infiltrate the oxide films. As a result,
the charge-transfer process from the welded metal to the
electrolyte accelerated. Both the REE-modified second-phase
particles and microstructure of the welded metal facilitate
the formation of dense oxide films thanks to the addition of
REE.

For 10CrMo3NiV high-strength steel, the corrosion sta-
bility and the microstructure of the welded metal were
significantly affected by the addition of REE, from the
perspective of the effect on the size and ratio of second-
phase particles. The result of the EIS tests and the poten-
tiodynamic polarization curves indicates that the added
REE in the flux-cored wire improves corrosion resistance
in 10CrMo3NiV welded metals. To obtain detailed results
of the second-phase particles affecting the electrochemi-
cal behavior of the welded metals, we plan to use scan-
ning vibrating electrode technology (SVET) in further
study. This will help reveal the underlying mechanism of

REE: how REE change for different corrosive times and
electrolytes.

4. Conclusions

Rare-earth elements were added to the flux-cored wire
to modify the performance of FCAW-welded metals with
10CrMo3NiV steel. Both OM and SEM studies indicate that
the REE content changes themicrostructure of weldedmetals
by refining the second-phase particles. A content of 0.3
wt.% REE in the flux-cored wire is optimal to facilitate
suitable second-phase particles in both the welded metal
(0.2 𝜇m to 0.6𝜇m in diameter) and the main acicular ferrite
microstructure. This amount of REE also helps avoid the
accumulation of nonmetallic elements and improves the
mechanical properties of the welded metals. Both potentio-
dynamic polarization and EIS tests show that REE addition
reduces the charge-transfer channel effect of the second-
phase particles. Overall, the corrosion properties as well as
themechanical properties of a weldedmetal can be improved
substantially by adding 0.3 wt.% REE.
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Figure 12: Morphology of the welded metals with different REE contents: (a) REE-free, (b) 0.3 wt.%, (c) 0.5 wt.%, (d) 0.7 wt.%, and (e) 1.0
wt.%, after electrochemical testing.
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This paper considers the factors influencing the formation and development of stress corrosion defects detected during the
inspection and overhaul of the main gas pipeline section. The surveyed gas pipeline is made of large diameter steel pipes made
by controlled rolling, produced by various companies, with the predominance of pipes produced by the Khartsyzsk Pipe Plant
(KhPP).The correlation between the geometric parameters of defects is described, whichmakes it possible to estimate the depth of
cracks by external parameters. Mechanical tests by cyclic loading of samples containing cracks, based on the site operation data for
the last 11 years, showedno crack growth in the absence of a corrosivemedium.Micro-X-ray spectral analysis ofmetal and corrosion
products showed no trace of the influence of hydrogen sulphide and nonmetallic inclusions (sulphides) on the development process
of SCC. According to the results of the research, the process of development of stress corrosion on the main gas pipelines located
in the European part of the Russian Federation is described. The organization operating the gas pipeline is recommended to take
into consideration the results of this work during drawing up their repair plan.

1. Introduction

To date, more than a third (36%) of accidents occur on the
main gas pipelines (MG) of the Unified Gas Supply System
(UGSS) belonging to «Gazprom» PJSC as a result of the
development of stress corrosion defects or stress corrosion
(hereinafter referred to as SCC). In the world practice of
transporting natural gas through pipelines, this type of dam-
age has the highest specific gravity among all other causes of
accidents; therefore, during diagnostic examinations this type
of defects is given the highest priority [1–3]. At the same time,
along with the improvement of diagnostic tools, the number
of newly detected CTC defects on UGS facilities is growing
every year. If earlier, about 2,000 CWN defects were detected
per year by methods of in-tube flaw detection (ILI) by
magnetic shells; nowwith the use of electromagnetic-acoustic

projectiles (EMA) this figure reaches 10,000 defects per year
[4]. A large number of SCC defects are revealed by methods
of nondestructive testing (NDT) in pits and during major
overhauls. The absolute majority of defects detected by all
inspection methods (almost 92%) have a measured depth
of less than 10% of the wall thickness [5, 6]. According to
experts, SCC crack of different depths was identified or is
more likely to be detected inmore than amillion pipe sections
during the next surveys [7–9]. This statement is consistent
with the current trend to increase the number of small defects
found.

The repair by replacing even a small part of these pipes
will lead to a reduction in the total volume of UGSS pipeline
overhaul due to the specific increase in the individual sections
repair cost [10–12]. At the same time, the degree of defects’
danger, the depth of which is less than 10–15% of the wall
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Figure 1: Investigated pipeline section.

thickness, under condition that access of corrosive medium
to them is restricted, is determined by many researchers as
insignificant [13–16]. At the present time, there are methods
of repairing the pipelines polymer insulation, which do not
allow the cracks to develop and threaten the reliability of
pipelines for a long time [17, 18]. However, methods for
an accurate assessment of the SCC cracks depth are not
developed, and the factors that influence the distribution of
SCC defects in extended sections are not always considered
systematically during major overhauls.

Thus, the development of systematic methods of combat-
ing negative manifestations of stress corrosion in the form
of accidents (identification, assessment, and targeted removal
of only those defects that may lead to an accident in the
foreseeable future with account of repair of insulation on
other defects) is an urgent task.

The purpose of this study is to determine the factors that
affect the distribution of SCC defects and the rate of their
development during the main gas pipelines operation period.
The second goal is to determine the parameters by which the
depth of cracks can be estimated.

2. Materials and Methods

2.1. Field Studies on the Gas Pipeline Extended Section. For
detailed consideration of operational factors and sampling, a
section of main gas pipeline located in the eastern part of the
European part of the Russian Federation with a length of 25
km was selected (Figure 1).

The selection criteria for the site were the presence of
pipes of various types and the possibility of subsequent
objective control of their technical condition. It was planned
to evaluate the cyclicity over a long period of operation and
compare the data of the ILI and the rejection results obtained
during upcoming major overhaul (100% NDT of the pipe
surface). In addition, a comparison of the electrometric and
physical profile of the section with a real distribution of SCC
defects was carried out.

2.2. Estimation of Cracks Depth by Their External Manifes-
tations. To create a mechanism for estimating the depth of
SCC cracks using direct measurements of their geometric
parameters, 15 samples were made from the rejected pipes,
and 157 cracks were selected and described on these samples
(Figure 2).

The surface of the samples was polished, the largest cracks
in the colony were selected, and their length and width were
measured. After that, the sample was cut and the depth of the
cracks was directly measured on the cross section.

2.3. Cyclic Tests with a Load Similar to the Operational Load.
To determine the effect of cyclic loading on the development
of SCC defects under operating conditions with the excluded
access of the corrosive medium to cracks, cyclic tests of 4
model samples were carried out under four-point loading
conditions with accordance to the accepted industry method
[19]. To justify the choice of cyclic test modes, the whole
range of pressure fluctuations over a period of 11 years
of operation was constructed based on the data from the
operatingmodes log for selected pipeline section.The average
value of the pressure (Pav) was defined as 5.84 MPa and the
cycles with the greatest pressure deviations were identified.
During the selected period, the pipeline section experienced
18 cycles of loading and unloading with the maximum
deviation from the Pav in the range of 17–35%.

In the full spectrum of oscillations, a time interval (T)
was determined, inside which the upper and lower half-
periods were analyzed. In these half-cycles, the cycles with
the greatest amplitude deviations from Pav, equal to 2÷11% of
the working pressure (Pw), were identified. The parameters of
the cyclic pressure change processes in each half-period (Pcac)
were calculated (Figure 3). Based on the analysis of operating
conditions of the investigated section of themain gas pipeline,
it was found that the total number of pressure drop cycles
within one year could be divided into two parts: 30 pulsation
cycles with an amplitude in the range of 2÷11% of Pw and 2
major cycles with an amplitude in the range of 17-35% of Pw.

As a result of the analysis the most conservative loading
regime was chosen for the testing of model samples, which
simulated the work of mail gas pipeline for 20 years of oper-
ation in real conditions. The load variation interval varied
from 1.1 MPa to 7.4 MPa (the maximum working pressure
allowed on the pipeline section), which is characterized by
the asymmetry coefficient of the cycle (R = 0.15). The total
number of cycles was calculated as the total number of
all types of cycles affecting the gas pipeline for the year,
multiplied by the planned interval of operation, equal to 20
years. Thus, the loading mode of the model samples was
carried out in three stages with a change in the load every 640
cycles. The tests were carried out on a tensile machine using
a four-point loading scheme (Figure 4).

To monitor the state of stress corrosion cracks, one
control crack was selected on each sample, the photographic
images of which were recorded with a metallographic micro-
scope before the start of the tests, after the second stage, and
at the end of the third stage of the test.The control was carried
out relative to the initial state programmatically bymeasuring
the number of pixels in the image along the line connecting
the beginning and end of the crack.

2.4. Electron Microscopy. Cracks, cuts, and open corrosion
cracks were studied by electron microscopy and micro-X-
ray spectral analysis. In the course of the study, micro-X-ray
spectral analysis of the elemental composition of corrosion



International Journal of Corrosion 3

Figure 2: Samples with SCC cracks.

Figure 3: The upper and lower half-cycles of the oscillations in the chosen time interval (T).

productswas carried out, and surfacemaps of the distribution
of elements along the surface of destruction were made.

The fractographic and microscopic analysis of the crack
surface was carried out on a TESCAN scanning electron
microscope with VEGA software at magnifications up to
4000 times [19].

Spectral analysis to determine the quantitative chem-
ical composition of the elements was carried out using
the OXFORD INCAx-act energy dispersing attachment in
accordance with ISO 15632: 2002.

Identification of the fracture behaviour by the type of
surface relief was carried out in accordance with [20].

The general view of the TESCAN VEGA SBH Easy Probe
scanning electron microscope and the OXFORD INCAx-act
energy dispersive attachment is shown in Figure 5.

3. Results and Discussion

The density of the SCC defect distribution detected by the
NDTduring the overhaulwasmore than 97 times higher than
expected by the results of the ILI.The average density of SCC
defects on single-seam pipes (imported) is 50 times less than
on double-seam pipes produced at Khartsyzsk Pipe Plant
(KhPP). It was noted that stress corrosion damage localized
mainly near the longitudinal weld. SCC defects of maximum

depth (up to 36% of the wall thickness) were also found on
the KhPP pipes.

The density of the distribution of SCC defects correlates
with the number of KhPP pipes in the pipeline layout.
At the same time, the noted characteristics of the external
environment, as the value of the electrical resistance of the
soil and the height differences along the section profile, do
not significantly affect the distribution of defects. (Figure 6)

During the overhaul, more than 13.5 km of pipes were
rejected on the site, more than 11.5 km (more than 85%)
of them due to SCC defects. In total, more than 58% of all
the double-seam KhPP pipes inspected at the 25-kilometer
section were rejected due to SCC defects. For single-seam
pipes, including imported pipes, the rejection rate due to SCC
was only 7%.

The majority of defects detected during NDT (more than
92%) have a depth of less than 10% of the wall thickness,
which is below the detection threshold of magnetic in-tube
flaw detectors. Therefore, undetected SCC defects can be
present on other sections of the pipeline, and inspection
with more sophisticated in-tube flaw detectors or NDT
inspections in pits (for example, during the overhaul by
reinsulation) will most likely reveal them.

During the research, it was established that there is a
dependence between the main external parameters of SCC
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R – pipe radius
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Figure 4: Cyclic testing of samples according to the four-point loading scheme.

Figure 5: General view of the TESCAN VEGA SBH Easy Probe
scanning electron microscope.

cracks. The crack length-to-width ratio was 10:1 and the
width-to-depth ratio was 0.06: 1.Thus, at a depth of 1-1.5 mm,
the opening width is 0.06 mm; with a depth of 2-2.5 mm, the
opening width is 0.12 mm (Figures 7(a) and 7(b)).

Measurement of the crack opening width was carried out
using a measuring magnifier with an accuracy of ± 0.01 mm.
In this case, the absolute limit error for the twomeasurements
was ± 0.016 mm and the relative errors for each of the

measurements were 𝛿1 = 28% (section A) and 𝛿2 = 24%
(section B), respectively.

After carrying out the cyclic tests, which were controlled
by the metallographic method (Figures 8 and 9), it was found
that, in the absence of a corrosive environment, the stress
corrosion crack retained its original state after all the test
stages. During the tests, no formation of new cracks-branches
and other changes in the morphology of the crack apex
was recorded. Thus, during the three stages of testing cycles
simulating the operation of the real pipeline section (load-
unload cycles), the development of existing stress corrosion
cracks has not occurred (Figure 9).

Ten cracks were opened out by excessive force in order to
study the resulting fracture. Analysis of the fracture surface at
small magnifications showed that the upper part of the crack
is completely filled with oxides. The soil brine constantly
permeated and oxidized the internal surface of the crack
during the operation life of the pipeline. The oxides formed
also wedged and deformed the inner surface. Micro-X-ray
spectral analysis of the elemental composition of corrosion
products also showed that the cracks are completely filled
with oxide. The distribution of various elements along the
fracture surface is represented on the distribution maps of the
elements (Figure 10).

As it can be seen from the distribution maps of the
elements, there are no obvious phase boundaries. Corrosion



International Journal of Corrosion 5

0
200
400
600
800

1000
1200

0
40
80

120
160
200
240
280

Gas pipeline profile (m)

0
1
2
3
4
5
6
7
8
9

ПК-11 ПК-36 ПК-61 ПК-86 ПК-111 ПК-136 ПК-161 ПК-186 ПК-211 ПК-236 ПК-261

ПК-11 ПК-36 ПК-61 ПК-86 ПК-111 ПК-136 ПК-161 ПК-186 ПК-211 ПК-236 ПК-261

ПК-11 ПК-36 ПК-61 ПК-86 ПК-111 ПК-136 ПК-161 ПК-186 ПК-211 ПК-236 ПК-261

ПК-11 ПК-36 ПК-61 ПК-86 ПК-111 ПК-136 ПК-161 ПК-186 ПК-211 ПК-236 ПК-261

Number of pipes rejected due SCC defects

0
2
4
6
8

10
12

Number of KhPP pipes on site

Soil resistivity (Ohm∗m)

Figure 6: Number of pipes with SCCdefects, number of KhPP pipes, soil characteristics, and section profile.TheX-axis indicates the distance
along the pipeline route. Pipeline sections with a small number of pipes produced by KhPP are marked in red.

 0.081 mm L: 0.049 mm

L: 0.067 mm

L: 0.054 mm

L: 0.056 mm

L: 0.060 mm

L: 0.059 mm

L: 0.062 mm

L: 0.054 mmL: 0.064 mm L: 0.037 mm

L: 0.091 mm

L: 0.053 mm

L: 0.050 mm

L: 0.064 mm

L: 0.070 mm

L: 0.070 mm

L: 0.059 mm

L: 0.048 mm

L: 0.062 mm

L: 0.069 mm

L: 0.054 mm L: 0.070 mm

L: 0.054mm L: 0.064 mm

 5 mm

L: 0.075 mm
L: 0.059 mm L: 0.078 mm L: 0.081 mm L: 0.078 mm L: 0.079 mm

 091 mm
L: 0.073 mm L: 0.070 mm

＜ − 2, ＜ − 3; Ｂ = 1; 60x
０４Ｇ = 0,06 mm

(a)

L: 0.098 mm

L: 0.082 mm

L: 0.096 mm

L: 0.130 mmL: 0.086 mm
L: 0.113 mm

L: 0.107 mm
L: 0.080 mm

L: 0.092 mm
L: 0.103 mm L: 0.080 mm L: 0.096 mm

L: 0.212 mm L: 0.185 mm
L: 0.133 mm

L: 0.118 mm L: 0.123 mm
L: 0.128 mm

L: 0.157 mm

L: 0.111 mm L: 0.091 mm L: 0.107 mm L: 0.130 mm
L: 0.086 mm L: 0.241 mm

L: 0.096 mm
L: 0.107 mm L: 0.103 mm

L: 0.147 mm

L: 0.128 mm

L: 0.118 mm

L: 0.130 mm

＝ − 8; Ｂ = 2,5; 200x
０４Ｇ = 0,1192 mm

(b)

Figure 7: Microscopic examination of cracked sections.
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distribution of iron; (d) distribution of carbon; (e) distribution of sulfur.

products are evenly distributed inside the crack. The images
in the iron, oxygen, and carbon spectra are homogeneous
and equally bright, indicating either a monophasic break in
the oxide or even mixture of several phases. The expected
composition of corrosion products is either a homogeneous
Fe

2
O

3
or a mixture of Fe

2
O

3
and FeCO

3
.

To determine the effect of metallurgical impurities and
additives on the development of cracks, the surface of the
sections was also mapped in the spectra of sulfur and
manganese. Due to limitations of the method, spectrometric
data were not used to quantify the ratio of oxygen and carbon
in corrosion products and in the base metal. During the

mapping process, the main goal was to identify points with
a local increased content of individual chemical elements
corresponding to nonmetallic inclusions, their subsequent
detailed analysis in case of revealing their influence on the
process of material destruction, and subsequent detailed
analysis of such points in case of revealing their influence on
the process of material destruction.

The maps show an image of cracks in the samples in
the spectra of iron, oxygen, carbon, sulfur, and manganese
(Figure 11). An increased sulfur content in corrosion products
was not observed, as evidenced by the different brightness of
the elements spectrum image in the transition from the base
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Figure 12: Maps of elements distribution in a stress corrosion crack. Increased local sulfur content (manganese sulphide).

metal to the crack. A reduced content of iron and manganese
and a high content of oxygen and carbon in the products of
corrosion were noted (Figure 11).

The sulfur content in the corrosion products does not
exceed the sulfur content in the base metal. Images in
the spectra of manganese and sulfur are homogeneous and
equally bright both in the cross section of the base metal and
in the section of the crack. In some samples, a lower sulfur
content can be noted with the exception of some local points
(Figure 12).

Thus, the coincidence of the increased concentration of
manganese and sulfur in some sections of the map indicates
the presence of sulphide nonmetallic inclusion. As seen in
the electronic image, these nonmetallic inclusions are not
the sources of development of destruction. In the remaining
volume of the crack, the sulfur content does not exceed
the sulfur content of the metal, and the total contamination
of the material with sulfur does not go beyond technical
specifications.

Based on the data obtained as a result of the research, it
is possible to assume a scenario for the development of SCC
defects in the main gas pipeline.

During the construction of the pipeline, film insulation
materials with on-site application were used, which during
the period of operation lost their necessary technological
properties. This is reflected in the fact that, during the
operation of the pipeline, corrugations and pockets appeared
in some places on the insulation coating. Corrosion-active
soil electrolyte penetrated damaged insulation areas.

Later, these corrosion pits continued their growth and
became concentrators of mechanical stresses in the pipeline
wall. The source of these stresses were constant pressure
pulsations from operating gas pumping units and gas tem-
perature fluctuations due to the nonstationary operation of
the gas compressor station.

The first microdeformations appeared, leading to the
appearance of sharp cracks. Further, the cracks developed
irregularly, under the influence of operational loads. In the
development of the defect, a continuous process of corrosion
was of decisive importance, stimulated by a constant inflow
of heat along with the transported medium. The soil brine
continued to penetrate into the cracks, wash out corrosion

products, and deliver portions of the new electrolyte to the
crack vertex.

Analysis of the effectiveness of various methods of non-
destructive testing has shown that a colony of cracks can be
identified by all available mass methods used in the oil and
gas industry. However, in order to improve the efficiency of
SCC defect detection, it is necessary to take into account and
track factors that increase the predisposition of sites to this
type of destruction.

The morphology of the detected defects corresponds to
modern concepts of SCC defects. Defects are identified as
cracks on the bottom of corrosive pits. They are grouped
in colonies, oriented along the axis of the tube during their
growth and branch along the section with the tendency to
merge with one another.

The effect of sulfur and its compounds on the process of
stress corrosion is not a significant factor, as there was no
increased sulfur content in corrosion products. The phase
composition of the corrosion products within the cracks
is homogeneous across the crack cross section. The phase
boundaries and the sections, which differ sharply in chemical
composition, were not found.

Traces of the predominant effect of impurities and non-
metallic inclusions were not found.The structure of the metal
is homogeneous and corresponds to the structure of rolled
metal.

It was found that there is a consistent pattern between
the width of the opening and the length of the crack. A
simple statistical generalization showed that the length-to-
width ratio could be described as 10:1 and the width-to-
depth ratio as 0.06:1. Since the majority of SCC cracks in
the investigated samples are the same in origin, size, and
morphology, it can be said that such a regularity exists in this
particular case of SCC.

The appearance of cracks can be influenced by a variety
of technological factors, laid down at various stages of the life
cycle of the product. Such a factor can be the contamination
of the pipe metal by harmful impurities and the presence of
residual stresses in the pipewall after and duringmanufacture
at the stage of pipe production. In addition, these factors can
include increased values of stresses in the pipelinewall, which
arose due to flaws in construction design and installation
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work at the pipeline construction stage. This includes the
nonprojected position of the pipe in the trench, unplanned
soil movements, and welding stresses. The nonstationary
operation mode of the pipeline also has a great influence,
namely, the constant pulsation of the pressure and tem-
perature of the pumped medium. Equally important is the
corrosive activity of the ground in contact with the pipeline
and the quality of the anticorrosive insulation at the stage of
gas pipeline operation period.

Film insulation with on-site application does not provide
long-term protection of the pipe body from SCC defects.
After several years, due to soil movement and degradation
of the coating, corrugations and pockets are formed in it,
which collect soilmoisture. Such conditions create a favorable
environment for the development of corrosion defects. In
the future, under the influence of these conditions and in
the presence of an appropriate stress state, SCC defects can
form. The insulation coatings used in newly constructed and
repaired pipelinesmust provide long-term reliable protection
of the pipe body against the corrosive effects of the environ-
ment in the operating conditions of main gas pipelines.

The main factor that can be detected and affects the
distribution of stress corrosion, with other factors being
equal, are the technological features of the pipe materials
embedded in the product during its production stage. Pre-
sumably, this is the degree of local plastic deformation and
the number of transitions during the formation of the pipe
and sheet material and the thermal and high-speed welding
of the longitudinal seam of two-seam pipes. To confirm this
assumption, it is necessary to assess the residual stresses on
the wall of the affected pipe and draw a map of them.

The presence of a corrosive medium is a prerequisite for
the destruction of the pipeline wall due to the development
of a SCC defect.

4. Confirmations

The presence of empirical dependence should be verified on
a large statistical sample. Also, it is necessary to connect the
external manifestations of SCC (the length of cracks and their
opening) with the depth of stress corrosion damage. If such a
relationship is confirmed in other cases of SCC, then it will be
possible to describe the growth of a crack and the rate of its
propagation in the general case with the sufficient accuracy.
It will also be possible to build a mathematical model of the
crack and calculate the residual life cycle of the pipeline using
the finite element method.

Such an approach will make it safer to reuse the KhPP
double-seam pipes during major overhaul, which is allowed
only after a comprehensive evaluation of each pipe. In
determining the degree of danger of each specific defect, a
methodology for estimating the static strength of gas main
pipeline with colonies of corrosion cracks is tested and used
in “Gazprom transgaz Samara” LLC [21]. If, in addition
to the nondestructive testing methods used in the survey,
the external crack parameters are used and the calculation
is performed using the largest depth obtained by different
methods, then the assessment of the SCC crack danger will
become more accurate.

The organization operating the gas pipeline is recom-
mended to take into consideration the results of this work
during drawing up their repair plan.

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

References

[1] S. V. Alimov, A. B. Arabej, and I. V. Ryaxovskix, The concept of
diagnosis and repair of main gas pipelines in regions with a high
predisposition to stress corrosion Gazovaya promyshlennost, vol.
724, 2015.

[2] Y. E. Cheng, Stress Corrosion of Pipeline, vol. 257, John & Sons
Publishing, Hoboken, NJ, USA, 2013.

[3] F. King, “Stress corrosion cracking of carbon steel used fuel con-
tainers in a Canadian deep geological repository in sedimentary
rock,” report No. NWMO TR-2010-21, Toronto, Canada, 2010.

[4] A. I. Mixajlov, Detection, identification and assessment of the
depth of stress corrosion using combined magnetoacoustic in-tube
flaw detectors// III Scientific and Practical Seminar “Increasing
the Reliability of Main Gas Pipes Affected by Stress Corrosion
Cracking”, “Gazprom VNIIGAZ” LLC, Moscow, 2017.

[5] I. Ryakhovskikh, R. Bogdanov, T. Esiev, and 0. Marshakov,
“Stress corrosion cracking of pipeline steel in near-neutral pH
environment,” in Proceedings of Materials Science Technology,
Pittsburgh, PA, USA, 2014.

[6] Y. A. Perlovich, O. A. Krymskaya, M. G. Isaenkova et al.,
“OP Conference Series: Materials Science and Engineering
10, Development, Production and Application,” in Proceedings
of the 10th International School-Conference on Materials for
Extreme Environment: Development, Production and Applica-
tion, MEEDPA 2015, p. 012009, 2016.

[7] A. I. Zaitsev, I. G. Rodionova, O. N. Baklanova, K. A. Udod, T.
S. Esiev, and I. V. Ryakhovskikh, “Structural factors governing
main gas pipeline steel stress corrosion cracking resistance,”
Metallurgist, vol. 57, no. 7-8, pp. 695–706, 2013.

[8] V. Linton, E. Gamboa, and M. Law, “Strategies for the repair
of stress-corrosion cracked gas transmission pipelines: Assess-
ment of the potential for fatigue failure of dormant stress-
corrosion cracks due to cyclic pressure service,” Journal of
pipeline engineering, vol. 6, no. 4, pp. 207–217, 2007.

[9] U. Marewski, UKOPA/GP/009. Near neutral pH and high
pH stress corrosion cracking: industry good practice guide, U.
Marewski and M. Steiner, Eds., UK onshore pipeline operators’
association, Ambergate, Derbyshire, 2016.

[10] M. Gintten, “An integrated approach to the integrity manage-
ment of stress corrosion cracking in pipelines: a case study,” in
Proceedings of the Proc. of Rio Pipeline Conference Exposions, M.
Ginten, T. Penney, I. Richardson et al., Eds., 2013.

[11] A. B. Arabej, O. N. Melyoxin, I. V. Ryaxovskix et al., “Research
into the possibility of long-term operation of pipes with low
stress corrosion damage,” Vesti gazovoj nauki, vol. 27, no. 3, pp.
4–11, 2016.

[12] R. V. Aginej, S. S. Gus’kov, V. V. Mussonov, R. A. Sadrtdinov,
and V. A. Lapin, “Investigations of geometric parameters and
peculiarities of the location of stress-corrosion damage onmain
gas pipelines,” Vesti gazovoj nauki, vol. 27, no. 3, pp. 102–107,
2016.



10 International Journal of Corrosion

[13] R. Bogdanov, A.Marshakov,V. Ignatenko, I. Ryakhovskikh, and
D. Bachurina, “Effect of hydrogen peroxide on crack growth
rate in X70 pipeline steel in weak acid solution,” Corrosion
Engineering, Science and Technology, vol. 52, no. 4, pp. 294–301,
2017.

[14] W. Chen, R. Kania, R. Worthingham, and G. V. Boven, “Trans-
granular crack growth in the pipeline steels exposed to near-
neutral pH soil aqueous solutions: The role of hydrogen,” Acta
Materialia, vol. 57, no. 20, pp. 6200–6214, 2009.

[15] X. Chen, Q. Yuan, B. Madigan, and W. Xue, “Long-term
corrosion behavior of martensitic steel welds in static molten
Pb-17Li alloy at 550∘C,” Corrosion Science, vol. 96, pp. 178–185,
2015.

[16] X. Chen, Z. Shen, X. Chen, Y. Lei, and Q. Huang, “Corrosion
behavior of CLAM steel weldment in flowing liquid Pb-17Li at
480 ∘c,” Fusion Engineering andDesign, vol. 86, no. 12, pp. 2943–
2948, 2011.

[17] A. B. Arabey, O. N.Melekhin, O. V. Burutin et al., “Studying the
Possibility of Long-Term Operation of Pipes with Insignificant
SCC,” 3R, no. 01-02, pp. 104–110, 2017.

[18] Y. Perlovich, O. Krymskaya, M. Isaenkova, N. Morozov, I.
Ryakhovskikh, and T. Esiev, “Effect of layer-by-layer texture
inhomogeneity on the stress corrosion of gas steel tubes,”
Materials Science Forum, vol. 879, pp. 1025–1030, 2017.

[19] C. J. B. Reed, Electron Probe Analysis and Raster Microscopy
(Translation), Moscow, Texnosfera, 2008.

[20] RD 50-672-88. Methodical instructions. Calculations and
strength tests. Classification of metals fracture types// Moscow,
VNIIGAZ, 2010– 56 p.

[21] V. A. Subbotin, I. V. Scherbo, S. A. Kholodkov, and M. G.
Giorbelidze, “Estimation of static strength of sections of the
linear pipeline portion with a colony of corrosion fine cracks,”
Samara State AerospaceUniversity Bulletin, vol. 47, no. 5, pp. 151–
157, 2015 (Russian).



Research Article
Pitting Corrosion of the Resistance Welding Joints of
Stainless Steel Ventilation Grille Operated in Swimming
Pool Environment

MirosBaw Szala and Daniel Aukasik

Department of Materials Engineering, Faculty of Mechanical Engineering, Lublin University of Technology, Nadbystrzycka 36D,
20-618 Lublin, Poland

Correspondence should be addressed to Mirosław Szala; m.szala@pollub.pl

Received 28 January 2018; Accepted 2 April 2018; Published 9 May 2018

Academic Editor: Kai Wang

Copyright © 2018 Mirosław Szala and Daniel Łukasik. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

This work focuses on the pitting corrosion of ventilation grilles operated in swimming pool environments. The ventilation grille
was made by resistance welding of stainless steel rods. Based on the macroscopic and microscopic examinations, the mechanism
of the pitting corrosion was confirmed. Chemical composition microanalysis of sediments as well as base metal using scanning
electron microscopy and energy-dispersive spectroscopy (SEM-EDS) method was carried out. The weldments did not meet the
operating conditions of the swimming pool environment. The wear due to the pitting corrosion was identified in heat affected
zones of stainless steel weldment and was more severe than the corrosion of base metal. The low quality finish of the joints and
influence of the welding process on the weld metal microstructure lead to accelerated deposition of corrosion effecting elements
such as chlorine.

1. Introduction

The aesthetic appearance and the ease of keeping the surface
clean, good strength properties, ductility, weldability, and
corrosion resistancemake the use of stainless steels encourag-
ing for elements of the construction and equipment of swim-
ming pools like ventilation grilles. Although polymer mate-
rials such as ABS (acrylonitrile butadiene styrene) and PVC
(polyvinyl chloride) are relatively cheaper than stainless steel
and can also be operated in pool conditions, none of them
matches all the mentioned beneficial properties of stainless
steel. Stainless steel elements are used to make swimming
pool equipment, such as stairs, ladders, ventilation systems
(e.g., ventilation grilles), barriers, drainage grills, or other
decorative elements. These components can be made from
stainless steel grades such as 1.4301, 1.4404, 1.4539, and 1.4547
[1–4], and their chemical composition is presented in Table 1.

According to the environmental corrosivity categories
described by the standard [5], the interior of the swimming
pool is classified as C4, on a 5-degree scale of corrosiveness

(C1: very low, C5: a very large corrosivity category). That is
why one of the basic criteria for the metal materials selection
used to build structures and elements of the swimming
pool is their resistance to corrosion phenomena. Hence,
the operating conditions of metal elements in the pool
environment are unstable and difficult to describe, which
can prevent grades dedicated to specific applications from
meeting the requirements. The high price of more corrosion
resistant stainless steel grades containing more expensive
alloy components often prompts designers to choose cheaper,
more available materials with inferior corrosion resistance.
For example, it is a common mistake to use cheaper steel
grade like 1.4301 instead of, for example, 1.4401 or 1.4404.The
first of these materials is widely used in the construction of
food processing equipment and industrial installations, but it
corrodes easily in the swimming pool environment [6].Grade
1.4404, due to the presence of molybdenum and nitrogen, is
described in the literature, as dedicated to the production of
equipment and design of swimming pools [1–4]. However, in
specific swimming pool applications, elementsmanufactured
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Table 1: Chemical composition of selected stainless steels according to EN 10088-1 standard [8].

Steel grade Nominal chemical composition [% by mass]
Name Number C N Cr Mo Ni Other
X8CrNi18-8 1.4301(a) ≤0,070 ≤0,11 17,5∼19,5 - 8,0∼10,5 -
X2CrNi18-9 1.4307(a) ≤0,030 ≤0,11 17,5∼19,5 - 8,0∼10,5 -
X5CrNiMo17-12-2 1.4401(a) ≤0,070 ≤0,11 16,5∼18,5 2,0∼2,5 10,0∼13,0 -
X2CrNiMo17-12-2 1.4404(a) ≤0,030 ≤0,11 16,5∼18,5 2,0∼2,5 10,0∼13,0 -
X1CrNiMoCu25-20-5 1.4539(b) ≤0,020 ≤0,15 19,0∼21,0 4,0∼5,0 24.0∼26.0 Cu = 1,2∼2,0
X1CrNiMoCuN20-18-7 1.4547(c) ≤0,020 0,18∼0,25 19,5∼20,5 6,0∼7,0 17,5∼18,5 Cu = 0,5∼1,0
(a)Si ≤ 1,0; Mn ≤ 2,0; 𝑃max = 0, 045; 𝑆 ≤ 0,015;

(b)Si ≤ 0,7; Mn ≤ 2,0; 𝑃max = 0,030; 𝑆 ≤ 0,010; (c)Si ≤ 0,7; Mn ≤ 1,0; 𝑃max = 0,030; 𝑆 ≤ 0,010.

from stainless steel grade 1.4404 undergo pitting corrosion, as
described in [7].

Works [1–4, 6, 7, 9] describe examples of negative con-
sequences of corrosion phenomena, observed for stainless
steels used for swimming pool equipment. The effects of the
general or pitting corrosion are usually losses related to the
necessity of exchanging corroded elements, such as the case
of corrosion of the ventilation duct [6] and drain [7] operated
in the pool. In the case of load-bearing elements, pitting cor-
rosion can cause the development of stress corrosion [9, 10].
Pitting is an extremely localized attack that is manifested by
holes, or pits, in the metal surface as well as especially in heat
affected zones of weld joints [11–13]. Pitting is a particularly
insidious form of corrosion since it is difficult to detect until
the structure has been severely attacked [4, 6, 7, 12, 14].

In preventing the occurrence of corrosion phenomena
of steel elements used in swimming pools, the technological
nature of their construction and assembly (e.g., welding)
plays an important role. Designing elements should be
carried out based on principles such as maintaining high
surface smoothness,making structureswithout sharp corners
and undercuts, designing self-cleaning structures, protecting
gaps against accumulation of water and sediments in them,
using appropriate joining techniques with high care, and the
quality of the welding joints finish, so that the joints would
have corrosion resistance similar to the base material [1, 12].

Stainless steel corrosion in elements operated in swim-
ming pool environment is considered as a real problem.
The literature survey indicates that there is little information
about pitting corrosion of stainless steel resistance welding
joints. Authors focusmainly on investigating the corrosion of
fusion welding processes (e.g., [11, 15–17], [18, p. 304]), none
of them influenced by pool environment. The conducted
literature review indicates only one paper related to pitting
corrosion of resistance welding weldment used in pools [6].
Hence, it can be acclaimed that the state of the art in the field
of pitting corrosion resistance of stainless steel weldments
operated at swimming pool environments is not entirely
investigated.

The aim of the article is to investigate the corrosion of a
ventilation grille operated in a swimming pool environment.
The grille was made by resistance welding of stainless steel
shaped rods.

2. Material and Methodology of Research

The ventilation grille was made of welded stainless steel rods.
The tested element was part of the swimming pool ventilation
system. The grille was mounted indoors and located at the
inlet of the ventilation duct on the wall and had no direct
contact with the pool water. The swimming pool atmosphere
was characterized by significant humidity resulting from
evaporation of pool water. The grille was operated for just a
few months until it detected visible corrosion changes and its
disassembly.

The temperature of the ventilation system elements was
lower than the air temperature in the swimming pool.
Chlorinated pool water had a pH close to 7.0. This led to the
condensation of water vapor on the ventilation grille, creating
conditions for corrosion phenomena to occur on its surface.

Figure 1 shows the examined element and was taken after
dismantling the element, dictated by the change of the colour
of the grille surface to “rusty.” The presence of corrosion
deposit products and pits was observed mainly in areas of
joint heat affected zones (HAZ).

In order to recognize the corrosion mechanism, macro-
scopic and microscopic observations of the worn areas of
ventilation grille focused on heat affected zones of resistance
welded grille weremade.Macroscopic examinations based on
the observation of the surface and joint areasweremade using
a Nikon SMZ 1500 stereomicroscope. To reveal the topog-
raphy of pitting surfaces, the samples were cleaned using
ultrasonic washer in order to remove corrosion products and
the steel grille was cross-sectioned on ametallographic cutter
(Brillant 200) and then investigated using a Nikon MA200
metallographic microscope. Phenom World ProX scanning
electron microscope with chemical composition of the steel
and corrosive sediments analysis using SEM-BSD (backscat-
ter electron detector) and SEM-topo modes were carried out.

3. Results

The object of our investigation was the ventilation grille pre-
sented in Figure 1. The weldment areas were mostly severely
affected by corrosion, which is visible in optical photographs
given in Figure 2 as well as in metallographic weldment cross
section in Figure 3. Additionally, in photographs acquired
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Figure 1: Ventilation grille made by resistance welding of stainless steel rods, dimensions in mm.
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Figure 3: Corrosion pits observed in the cross section of joint (a) in the HAZ; (b, c) magnified selected area of microstructure of base metals
and heat affected zone presented, metallographic microscope.
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(a) (b)

Figure 4: The effect of pitting observed in the HAZ (a) and crack between grille rods (b), SEM-BSD.

by the scanning electron microscope, corrosion pits and
corrosive sediments are identified, Figure 4. Furthermore,
Figure 5, Figure 6, and Table 2 contain the results of chemical
composition of base metal and corrosive sediments.

4. Discussion

Stainless steels achieve corrosion resistance thanks to the
passive layer of oxides spontaneously formed on the surface
of the products. The passive film can be damaged and its
restoration depends on the specific characteristics of the
material and the environment. In the absence of a passive
layer or its damage, the process of corrosion damage is
intensified. The investigated grille was manufactured by
electric resistance welding, as shown in Figures 1 and 2.

In addition, microstructure of weldment, which differs
from the base metal, mostly affects corrosion resistance of
stainless steel as presented in Figure 3(a). Results of metal-
lographic investigations of the weldment acknowledged the
anisotropy of the structure of welded rods, which derives
from metal forming processes, so the area of the weldment
that is plastically deformed and influenced by resistance
welding process hence contains different microstructure
from base metal (Figures 3(b) and 3(c)). In [11, 12], phe-
nomena associated with welded joints, such as dendritic
segregation, precipitation of secondary phases, formation of
unmixed zones, recrystallization, and grain growth, are listed
as influencing the corrosion resistance of the heat affected
zone (HAZ). The operating conditions of the ventilation
system resulted in deposition of chlorine condensate on the
ventilation grille. The cyclic nature of the process led to an
increase in the concentration of chlorine in selected places
on the surface of the grille. This intensified the occurrence
of local corrosion phenomena, including pitting corrosion.
It is common knowledge that, at a higher temperature, the
oxide film ceases to form due to the lower solubility of oxygen
in the solution and the penetration potential decreases with

increasing temperature. Garcia et al. [11] gave information
that fusion welding processes can cause local changes in
the composition of the welded material, which can alter
the stability of the passive layer and its corrosion behaviour
[15]. In addition, from the microstructural point of view, the
formation of 𝛿-ferrite in stainless steel is another parameter
taken into account, since it can be prejudicial because of its
susceptibility to attack in a corrosion medium [11, 16], such
as a swimming pool, a chlorine-rich environment. According
to the literature, the pitting corrosion resistance in pool
environment of stainless steel element can be increased using
steels with amolybdenum content above 2.5% and chromium
above 17% by weight, containing nitrogen.

Leda claims [19] that near nonmetal inclusions, grain
boundaries, dislocations, surface nonuniformities, and the
probability of corrosion attack increase. The metallurgical
purity and homogeneity of steel elements have a great influ-
ence on corrosion resistance [13]. Also, the lack of nonmetal-
lic inclusions, especially those located on the surface, in stain-
less steel such as sulphur are factors that improve corrosion
resistance [20]. On the contrary, in the investigated grille,
areas of poor weldment finish and surface nonuniformities
were identified, visible in Figure 2. They were produced
during the resistance welding process due to heat imputed,
force used in resistance welding process, and atmosphere.
These areas must have been finishing, machined, and chem-
ically etched after welding. Poor metal finish of weldment
accelerates concentration of corrosive deposits (e.g., chlorine-
rich) that can influence corrosion of weldment. In order
to prevent the corrosion of the ventilation grille to remove
chlorine-containing deposits from its surface, it is possible
to periodically wash its surface. We also proposed that
grilles produced by resistance welding process could not met
requirements of harsh operating pool environment due to
difficulties connecting to finishing treatment of weldment.

The formation of corrosion pits on stainless steel elements
in the atmosphere of the swimming pool is caused mostly
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Figure 5: Comparison of grille surfaces observed in the heat affected zone HAZ (a, b) and in distance of HAZ (c, d). SEM-BSD and SEM-
BSD-topo modes. Points 1 and 2 are locations of chemical analysis; results presented in Figure 6 and Table 2.
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Figure 6: Spectrogram (SEM-EDS) obtained due to chemical analysis conducted in spots marked in Figure 5: (a) a corrosive sediment and
(b) surface of base metal.

by increased temperature and high concentration of chlorine
ions in the air. As a result of pitting corrosion attack, the tested
ventilation grille corrosion products and corrosion pits were
noted, as shown in Figures 2, 3, 4, and 5, especially in the heat
affected zone (HAZ).The dimensions of pits on the surface of
the element reached 1mm.The depths of pits observed on the

cross-sectional surface of the test piece were approx. 0.3mm
(Figure 2). On the contrary, base metal was less corroded
(Figure 3). On the whole, the morphology of identified pits
indicates pitting corrosion attack [6, 7, 10].

Examination of HAZ acknowledged visible severe pitting
action, Figures 3 and 4(a), and generation of deep cracks
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Table 2: The results of chemical composition analysis at spot 1 (sediment) and spot 2 (metal surface) in Figure 5.

Element Spot 1: sediment Spot 2: base metal
Concentration [wt.%] Error [%] Concentration [wt.%] Error [%]

Aluminium 1.3 7.8 - -
Calcium 0.8 10.5 - -
Carbon 8.3 2.0 1.0 6.9
Chlorine 5.3 3.0 - -
Chromium 2.1 7.4 16.8 2.3
Iron 8.0 4.2 67.0 1.5
Magnesium 0.9 13.5 - -
Manganese - - 1.9 10.5
Molybdenum - - 1.8 13.1
Nickel 2.0 12.6 10.3 5.2
Nitrogen 11.0 3.6 - -
Oxygen 44.4 2.2 - -
Phosphorus 0.3 18.0 0.2 51.6
Potassium 2.6 4.8 - -
Silicon 1.0 7.4 0.8 14.2
Sodium 11.6 3.4 - -
Sulfur 0.5 12.9 0.2 16.4

in between welded rods, Figures 3 and 4(b). Inside crack
corrosion pits and corrosive deposits were identified. While
comparing areas presented in Figure 5, it is clearly visible
that the HAZ was affected by corrosion compared to the base
metal. In the vicinity of the HAZ, the occurrence of pits and
corrosion deposits is evident.

Results of chemical analysis of the corrosion deposits
and welded steel are presented qualitatively in Figure 6(a)
and quantitatively in Table 2. Spectroscopic analysis of base
metal (Figure 6(b), Table 2) indicated that the investigated
element could have been manufactured from stainless steel
grade 1.4401 or 1.4404 (Table 1); however, it is known that the
content of carbon could not be properly identified properly
by SEM-EDS method. Deposits contain chemical elements
which came from swimming pool environment and are used
for swimming pool water treatment (e.g., Cl, Ca, Table 2).
In particular, chlorine compounds play a major role in the
pitting corrosion processes [6, 7] and content of chlorine
in deposits equals 5.3%. In addition, the relatively high
temperature of water and air in the swimming pool causes
evaporation of chlorinated pool water. Ventilation systems
in swimming pools often work in a closed circuit, which
makes the metal elements used at the pool exposed to the
effects of moist air characterized by increased concentration
of chlorine ions or chlorine compounds (chloramines) [4, 7].
The mentioned factors definitely favour the occurrence of
corrosion phenomena, mainly general, stress, and pitting
corrosion. However, to characterize a corrosive sediment
precisely, for further understanding the nature of the sed-
iments, the XRD (X-ray diffraction) investigations should
be employed. The intensification of corrosion phenomena
was also influenced by poor weldment finish that accelerates
deposition of corrosive elements (e.g., chlorine). In order
to prevent ventilation grille from corrosion, the systematic

removal of chlorine-containing sediments from its surface
must be taken into account.

5. Conclusions

The case study on the subject of the pitting corrosion of
resistance welding joints found in the stainless steel venti-
lation grille utilised in a swimming pool environment was
investigated in the work. The following conclusions can be
drawn on the basis of the conducted analysis.

The results confirmed that pitting corrosion was themain
corrosion mechanism of the stainless steel ventilation grille.
Heat affected zone (HAZ) of resistance welded joint of grille
operated in swimming pool environment was lower than
resistance of stainless steel based material.

The investigated ventilation grillewasmanufactured from
stainless steel type Cr-Ni-Mo, probably grade 1.4401 or
1.4404. Pitting corrosion affects mostly the weldment area
due to its microstructure which differs from the base metal.
The intensification of corrosion phenomena was also influ-
enced by poor weldment finish which accelerates deposition
of corrosive elements (e.g., chlorine).

The environment as well as the operating conditions of
an element affects the corrosive wear of stainless steel grille.
The increase in concentration of chlorine deposited on the
corroded grille areas has been identified. Chlorine plays a
major role in the pitting corrosion processes of stainless steel.

In order to prevent ventilation grille from corrosion, the
removal of chlorine-containing sediments from its surface
must be taken into account.
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The corrosion and leaching behaviour of a new ternary Sn-0.7Cu-0.05Ni alloy in 3.5 wt.% NaCl solution is reported herein.
Potentiodynamic polarization measurements show that Sn-0.7Cu-0.05Ni has the highest corrosion rate. Results of the 30-day Sn
leachingmeasurement show that Sn-Cu-Ni joint has slight decrease attributed to the formation of thin passivation film after 15 days.
The leaching amounts of Sn are observed to be higher in solder joint than in solder alloy due to the galvanic corrosion happening
on the surface. EDS and XRD results of the corroded surface confirm that the corroded product is made up of oxides of tin.

1. Introduction

Solder, a fusible metal alloy used to join metal pieces, is a
staple material in the electronics industry. It functions as an
adhesive or joining material to provide electrical continuity
between the active silicon die, the substrate, and the printed
wiring boards [1]. Solder alloys made up of tin and lead (Sn-
Pb) predominate the manufacturing and electronics indus-
tries for years. However, due to the bad effects of lead and
its compounds to human health and the environment [2], its
use has been widely limited if not banned.

Global lead-free regulations started with the US banning
lead (Pb) in gasoline additives, plumbing, and construction
[3]. Japan pioneered the use of lead-free solders in the
electronics industry and the European Union (EU) passed
the restriction of the use of certain hazardous substances
(ROHS) in electrical and electronic equipment banning the
use of lead, mercury, and cadmium, among others [4]. Thus,
there was a critical necessity to look for alternatives to Pb
solders for the electronics industry. For solders to be a good
environmentally benign substitute to Pb, it should be cost-
effective and should mimic the properties of Pb, that is, low
melting temperature (around 183∘C), good mechanical, ther-
mal, and electrical properties. Almost every lead-free solder

in the market is Sn-based solders such as Sn-Ag-Cu and Sn-
Cu [1]. At present, there is no common standard for lead-free
electronic products since each country or region has its own
recommended lead-free solders. In theUS, theNational Elec-
tronic Manufacturing Initiative, Inc., (NEMI) recommends
Sn-3.9Ag-0.6Cu as the lead-free solder. Japan, through the
Japan Electronic and Information Technology Association
(JEITA), recommends the use of Sn-3.0Ag-0.5Cu solder alloy,
while the European Consortium recommends Sn-3.8Ag-
0.5Cu as the lead-free solder. Overall, the most common type
of lead-free solder (LFS) used worldwide is the alloy made up
of Sn-Ag-Cu. Alternative Pb-free solder systems such as Sn-
Ag, Sn-Bi, Sn-Zn, and Sn-Cu have been developed [1, 5, 6]
but uncertainties in their integrity and reliability limited their
use in consumer products [7]. New types of lead-free solders
are being used by some companies in Japan; Panasonic and
Hitachi use Sn-Ag-Bi, Sharp uses Sn-Bi, and Sony uses Sn-
Ag-Bi-Cu and Sn-Ag-Bi-Ge solder alloys in their products
[3, 4]. New lead-free solder alloys are being studied [8–10]
and reliable solders for general and specific applications are
still highly sought.

The ternary alloy Sn-0.7Cu-0.05Ni has been shown to be
a potential Pb-free solder [11] where the wettability of the
alloy was shown to be comparable with some other lead-free
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Figure 1: Schematic diagram of the working electrode. (a) Bottom view; (b) side view.

solders [12]. The low experimental wetting angle is a conse-
quence of the addition ofNi in Sn-0.7%wt. Cu. Increasing the
amount of Ni also decreases the void percentage and Cu3Sn
growth in Sn-Cu solder alloy [13]. The tensile properties and
wettability in solder joints withCu also improved as a result of
adding 0.05wt.% Ni [14]. The addition of 0.05wt.% Ni to Sn-
0.7Cu solder was shown to effectively reduce the formation of
intermetallic compound (IMC) layer at the interface during
the reflow process and for inhibiting the growth of IMC
during the aging process [15].

To study further the potential of Sn-0.7Cu 0.05Ni solder
alloy, there is a need to assess its corrosion behaviour as
it is an important factor to consider in formulating new
solder materials [16]. The presence of moisture and corrosive
salts/ions triggers the corrosion activity of these soldermetals
affecting the form, fit, and function of the electronic device
[17, 18]. Corrosion behaviours of lead-free solders are mainly
studied using sodium chloride (NaCl) electrolyte to simulate
the seawater condition using different types of lead-free sol-
ders [19–24]. Li et al. [20] reported that lead-free solders such
as Sn-3.5Ag, Sn-0.7Cu, and Sn-3.8Ag-0.7Cu exhibit better
corrosion resistance than Sn-Pb solder in 3.5 wt.% NaCl
solution, where Sn-3.5Ag solder was found to be the most
resistant among them. Lead-free solder exhibits better cor-
rosion resistant because it exhibits lower passivation current
density, lower corrosion current density after the breakdown
of the passivation film, and a more stable passivation film
on the surface compared to Sn-Pb solder. By investigating
the corrosion behaviours of new lead-free solders, the fatigue
life of the material can be predicted. A cursory survey of
the literature reveals zero investigation on the corrosion
behaviour of the new ternary Sn-0.7Cu-0.05Ni alloy.The goal
of the present study is to investigate the corrosion resistance
of Sn-0.7Cu-0.05Ni as compared to commercially used solder
alloys and metal and study the leaching behaviour of tin in
the alloys and in their corresponding joints in 3.5 wt% NaCl
solution.

2. Materials and Methods

2.1. Materials

2.1.1. Preparation of Working Electrode. The compositions
of the solder alloys used in the study are Sn-0.7 wt.% Cu-
0.05wt.% Ni, Sn-3.0 wt.% Ag-0.5 wt.% Cu and Sn-0.8 wt.%
Cu, 60wt.% Sn-40wt.% Pb, and pure Sn metal. The alloys
were cut using low-speed cut-off saw into square blocks
(approximate dimension of 0.5 × 0.5 × 0.5 cm). Each metal
piece was attached to an insulated Cu wire by hand soldering
using the same metal alloy to provide electrical connections
and then cold-mounted using epoxy resin as shown in
Figure 1. The specimens were ground using SiC paper/sand
paper up to 1200 grit, rinsed with distilled water, and cleaned
in an ultrasonic cleaner for 2mins. The surface area exposed
to the test solution was 0.5 ± 0.2 cm2.

2.1.2. Preparation of Solder Alloy and Solder Joint for Leach-
ing Measurement. Solder joints were prepared by joining a
previously acid-cleaned (HNO3/MeOH) copper plate (5 × 10
× 2mm) with similarly sized lead-free solder plate using a
solder paste. The coupled metals were heated on a hot plate
at 230∘C until the solders stuck on the Cu plate. For leaching
experiments, the samples were prepared as shown in Figure 2.

2.1.3. Preparation of Solution. The corrosion test was carried
out at room temperature in air-saturated aqueous solution of
3.5 wt.% NaCl prepared by dissolving 17.5 grams of analytical
grade NaCl dissolved in deionized water to make a 500mL
solution.

2.2. Methods

2.2.1. Potentiodynamic Polarization Method–Tafel Plot. Elec-
trochemical measurements were carried out in a single
compartment cell using a standard three-electrode setup:
Ag/AgCl (3M KCl) as a reference electrode, a platinum sheet
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Figure 2: Preparation of samples for leaching measurements.

(0.64 cm2) as a counter electrode, and the lead-free solders
as the working electrode. All the measurements were done
under N2 conditions. Metrohm Autolab PGSTAT 128N was
used as an electrochemical interface to control and record the
potential. The samples were immersed in 250mL corrosive
medium inside the cell at room temperature for 180 s to
attain a steady-state potential or open circuit potential (OCP).
Potentiodynamic polarization curves were determined at
−1500 to 500mV range distinctive for the lead-free solder
used on the study at an ASTM scan rate of 1.00mV/s; step
potential is at 0.45mV and is presented in the form of typical
polarization curves log 𝐼 versus voltage. From the Tafel plot,
the corrosion current (𝐼CORR), corrosion potential (𝐸CORR),
polarization resistance (𝑅𝑝), and corrosion rate (CR) of the
metal alloys were calculated using the corrosion rate, Tafel
slope method (Autolab application note COR02).

2.2.2. Leaching Measurements. For the leaching/dissolution
measurement, the method by Cheng et al. [25] was adopted
with slight modification. Small test cells containing 15mL
of test solutions were placed in a temperature-controlled
oil bath at 45 ± 3∘C. Every 3 days, oxygen was injected
into the test solutions by gas flowmeter with a flow rate
of 46mL/min for 5mins to keep the solution under low
saturation of oxygen. Two mL of fresh test solutions was
added to the test cell every 7 days or when the solution is
reduced to keep the solution at 15mL. The testing periods
were done for 7, 15, and 30 days. After immersion for the
subscribed period, 15mL was taken and diluted into a 25mL
volumetric flask with deionized water. If there exists some
precipitation in the test solution, sodium phosphate solution
was used to dissolve the precipitates.The concentration of Sn
in the diluted solutionwas analyzed usingAtomicAbsorption
Spectrophotometer (Shimadzu AA-6300 Atomic Absorption
Spectrophotometer) and the leaching amount per surface
area of each element in the solders and their joints were
calculated.

2.2.3. Surface Morphology and Elemental Analysis. The cor-
roded surfaces of the samples were investigated using field-
emission scanning electron microscopies (FESEM) (JEOL
JSM-5310) and SEM (JEOL JSM-6500F) both equipped
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Figure 3: Potentiodynamic polarization curves of Sn and solder
alloys in 3.5 wt.% NaCl solution under N2 atmosphere. Scan range:
from −1500 to 500mV; scan rate: 1.00mV/s; step potential: 0.45mV.

with an energy dispersive X-ray spectroscopy (EDS). X-
ray diffraction (XRD) measurements were performed with a
diffractometer (Rigaku Ultima IV) using Cu-K𝛼 radiation (𝜆
= 1.5405 Å) at an accelerating voltage of 40 kV.The diffracted
beam was scanned in steps of 0.02∘ across a 2𝜃 range of
20–90∘.

3. Results and Discussion

3.1. Potentiodynamic PolarizationMethod–Tafel Plot. TheSn-
0.7CuNi0.05 (referred to herein as Sn-Cu-Ni) in 3.5 wt.%
NaCl solution showed a Tafel plot positioned at (𝐸corr)
−0.78mV versus Ag/AgCl (Figure 3). As compared to Sn-
3.0Ag-05Cu (referred to herein as Sn-Ag-Cu) and Sn-0.8Cu
(referred to herein as Sn-Cu) alloys, there is an observed
shift of corrosion potential 𝐸corr of lead-free solders to a
less negative value following the sequence Sn-Cu-Ni < Sn-
Cu < Sn-Ag-Cu. During the anodic polarization process,
a stable passivation film is formed on the surface of the
metal alloys (vide infra). This passivation film determines the
corrosion behaviour of the solder in the given media. The
shift to a less negative potential signifies a formation of a
more stable passivation film [26], which protects the solders
and increases their corrosion resistance. The polarization
resistance (𝑅𝑝) data (Table 1) showed that Sn-Pb solder has
the highest𝑅𝑝 (805.250KΩ) and lowest corrosion rate (0.1949
× 10−2mm/yr) compared to the lead-free solders. Between the
three lead-free solder alloys, Sn-Cu-Ni showed the highest
corrosion rate and Sn-Ag-Cu showed the lowest corrosion
rate in 3.5 wt.% NaCl solution.

3.1.1. Microstructure Characterization of the Lead-Free Sol-
ders. The microstructure of solders before potentiodynamic
polarization (Figure 4(a)) is a smooth surface showing the
polishing lines and EDS analysis confirms the elemental
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Table 1: Summary of corrosion parameters of metal alloys in 3.5 wt.% NaCl solution.

Sample 𝐸corr
(V) versus Ag/AgCl

𝐼corr
(𝜇A/cm2)

𝑅𝑝
(kΩ)

CR
(mm/yr) × 10−2

Sn-Cu-Ni −0.78 8.98 14.94 4.87
Sn-Ag-Cu −0.73 3.06 43.86 1.71
Sn-Cu −0.75 3.91 28.26 2.07
Sn-Pb −0.79 0.39 805.25 0.19
Sn −0.59 0.55 406.02 0.23
𝐸corr: corrosion potential, 𝐼corr: corrosion current density, 𝑅𝑝: polarization resistance, and CR: corrosion rate.

Table 2: Surface element concentration of different solders before potentiodynamic polarization in 3.5 wt.% NaCl solution.

Surface element composition (atom%)
Sn Ag Cu Ni Pb

Sn-Cu-Ni 98.59 - 1.27 0.14 -
Sn-Ag-Cu 96.74 2.74 0.52 - -
Sn-Cu 98.97 - 1.38 - -
Sn-Pb 59.03 - - - 40.97
Sn 100.00 - - - -
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Figure 4: The microstructure of the metal surfaces on different
solders before (a), after (b), and distinct morphologies on specified
points (c) after potentiodynamic polarization tests in 3.5 wt.% NaCl
solution.

composition of each solder (Table 2). After potentiodynamic
polarization in 3.5 wt.% NaCl solution (Figure 4(b)), the
microstructure of corroded Sn-Cu-Ni alloy had a porous
flake-like surface while the Sn-Ag-Cu and Sn-Cu solders
showed fibrous network oriented randomly on the surface in
agreement with the observations of Li et al., [20]. Notable is
the flake-like microstructures in Sn-Cu-Ni, which is similar
in some respect to the Sn-Pb alloy. The EDS analysis on
the surface of the corroded samples on each specified point
was determined (Figure 4(c) and Table 3) and revealed the
presence of Sn, O, and Cl indicating that the corrosion
products are composed of the oxides and chlorides of
tin. In conventional electrochemical reaction, Sn acts as
an anode and reacts with Cl− from the medium to form
SnCl2, which results in pitting and severed dissolution of Sn
[27].

The cross-section of the metals after potentiodynamic
polarization (Figure 5) showed visible corrosion layers dis-
tinct from the bulk metal. EDS analysis of the cross-section
area (Table 4) for both lead and lead-free solders showed
the top layer having similar corrosion products composed
of Sn-rich and O-rich areas with <1% Cl. The Sn-Pb solder
showed an outer layer rich in O while the inner layer was
rich in Sn. The formation of oxides on the surface of the
Sn-Pb solder indicates the presence of a stable passivation
film that protects the metal from corroding. This explains
why Sn-Pb solder has a better corrosion resistance than
lead-free solders. In the case of the lead-free solders, since
they have a different composition than Sn-Pb, the thin
layer of oxides that formed on the surface of the alloy is
not enough to protect the metal from the electrochemical
process.
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Table 3: Surface element concentration of different solders after potentiodynamic polarization in 3.5 wt.% NaCl solution on specific points
as indicated in Figure 4(c).

Surface element concentration (atom%)
Sn Ag Cu Pb Ni Cl O

Sn-Cu-Ni (A) 20.40 - 1.90 - - 3.50 74.20
Sn-Cu-Ni (B) 56.70 - 0.80 - - 0.20 42.30
Sn-Ag-Cu (A) 23.60 - - - - 8.70 67.70
Sn-Ag-Cu (B) 32.30 - 0.20 - - 12.10 55.40
Sn-Cu 20.50 - 0.10 - - 10.70 68.70
Sn-Pb 28.40 - - - - 0.60 71.00
Sn 29.90 - - - - 15.00 55.10

(a)

Solder layer

Corrosion layer

(b)

(c) (d) (e)

Figure 5: Cross-section image of the solders after potentiodynamic polarization test in 3.5 wt.% NaCl solution. (a) Sn; (b) Sn-Pb; (c) Sn-Ag-
Cu; (d) Sn-Cu-Ni; (e) Sn-Cu.

3.1.2. Phase Composition Analysis of Corrosion Product on
the Surface of the Solder Sample. The XRD diffractograms of
corrosion products (Figure 6) showed corresponding XRD
peaks attributed to tin oxides (SnO and SnO2) and some
chlorides. When compared with the XRD results of Yan
and Xian [28] peaks for tin hydroxide (Sn(OH2)) were also
observed particularly for Sn-Pb and Sn metal [25]. These
oxides effectively protect the metal. The oxides, however,
were not visibly detected in Pb-free solders indicating nil or
minimal formation of the passivation layer.

During potentiodynamic polarizationmeasurements, the
reduction of oxygen in the neutral aqueous solution (1)
initially occurs [20]

4e− +O2 + 2H2O → 4OH
−. (1)

Once the current reaches 10mA/cm2, bubbles were observed
from the solution caused by the evolution of hydrogen from
the cathode.

2H2O + 2e
− → H2 + 2OH

−. (2)

The following plausible anodic reactions would occur [17, 19]:

Sn → Sn2+ + 2e− (3)

Sn2+ → Sn4+ + 2e− (4)

Sn + 2OH− − 2e− → Sn (OH)2 (5)

Sn + 2OH− − 2e− → SnO +H2O (6)

2Sn +O2 + 6H2O → 2Sn (OH)2 (7)

Sn (OH)2 + 2OH
− − 2e− → Sn (OH)4 (8)

2Sn2+ + 6H2O +O2 → 2Sn (OH)4 + 4H
+. (9)

Formation of tin oxides is thermodynamically favourable
thus tin hydroxides can dehydrate easily to form SnO and
SnO2 [25, 29]. Although not detected in XRD due to its trace
concentration relative to Sn, the potential corrosion products
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Table 4: Cross-section element concentration of different solders after Potentiodynamic polarization tests in 3.5 wt.% NaCl solution.

Cross-section element concentration (atom%)
Sn Ag Cu Ni Pb Cl O

Sn-Cu-Ni
Top layer 63.99 - 0.60 0.22 - 0.92 33.91
Inner layer 98.59 - 1.27 0.14 - - -

Sn-Ag-Cu
Top layer 40.95 1.12 0.17 - - 0.15 57.27
Inner layer 97.36 2.01 0.63 - - - -

Sn-Cu
Top layer 64.58 - 0.72 - - 0.60 33.35
Inner layer 99.30 - 0.70 - - - -

Sn-Pb
Top layer 6.85 - - - 3.91 0.91 88.03
Inner layer 60.16 - - - 39.84 - -

Sn
Top layer 32.62 - - - - 0.37 66.41
Inner layer 99.85 - - - - 0.15 -
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Figure 6: XRD patterns of surface product on different solder material after potentiodynamic polarization test.



International Journal of Corrosion 7

of copper and nickel aremetal chlorides. Corrosion of copper
is dependent on the presence of chloride ions either through
direct formation of cupric chloride

Cu←→ Cu+ + e− (10)

Cu+ + 2Cl− ←→ CuCl2
− (11)

or through the electro-dissolution of copper [30]

Cu + Cl− ←→ CuCl + e− (12)

CuCl + Cl− ←→ CuCl2
−. (13)

The anodic polarization of copper alloys in NaCl solution
lowers the fracture stresses as measured in slow strain exper-
iments making copper alloys under cyclic stresses to have
lower service lives in chloride solutions [31]. Thus, chlorides
penetrate into the material crevices allowing for corrosion
of susceptible atoms such as copper to occur. For nickel
corrosion, the initial step is nickel hydration to facilitate
dissolution and this can occur when water transport into the
material is enhanced. The transport of water is dependent
on chloride environment. This was observed when we com-
pared the potentiodynamic polarization of Sn-Cu-Ni alloy in
neutral chloride-containingmedium (𝐸corr =−0.776V versus
Ag/AgCl, 𝐼corr = 8.982 𝜇A/cm2) and in acidic chloride-free
electrolyte (0.1M HNO3; 𝐸corr = −0.356V versus Ag/AgCl,
𝐼corr = 4.34 𝜇A/cm2). A sudden shift of corrosion potential to
a less negative value is observed attributed to the formation
of the passivation film. The absence of chloride in HNO3
medium promotes barrier creation preventing hydration and
corrosion to occur.This suggests that Sn-Cu-Ni alloy has high
corrosion resistance in an acidic chloride-free environment.
Chlorides even in small amounts can break the protective
films initiating the occurrence of corrosion.

3.2. Soldering Properties and LeachingMeasurements. During
the preparation of the solder joints with copper substrates, a
better surface finish of the joints was observed when Sn-Cu-
Ni solder was used compared to Sn-Cu alloys. The design of
adding Ni to common Sn-Cu alloy improved the soldering
property [32]. These observations were consistent with the
unique morphology of the intermetallic compound (IMC)
layer reported by Harcuba et al. [33]. The IMC was described
as noncompact islands of solder entrapped in the IMC phase
and that the IMC layer contains more Ni than the solder.
Nickel addition promoted the significant acceleration of the
growth kinetics of the IMC layer.

The solder joints and the raw Pb-free solder alloys were
subjected to corrosive media immersion to determine the
leaching behaviour (Figure 7). The amount of Sn leached
correlates with the corrosion rate of the alloys [25, 29, 34].
Since the results of potentiodynamic polarization test showed
that all of the three Pb-free solders had higher corrosion rate
than the Sn-Pb solder and Sn metal, leaching amounts of Sn
were done only for the Pb-free solders.The leaching amounts
of Sn after immersion in 3.5 wt.% NaCl solution after 30 days
are observed to be greater for solder joints compared to its
corresponding alloy. Sn-Ag-Cu alloy had the highest leaching
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Figure 7: Atomic Absorption Spectroscopy (AAS) results on Tin
(Sn) leaching from lead-free solder alloy and joint after 30 days.
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of Sn for the solder alloys followed by Sn-Cu alloy while Sn-
Cu-Ni had the lowest leaching amount after 30 days. For
solder joints, leached Sn follows the order Sn-Cu > Sn-Ag-Cu
> Sn-Cu-Ni.

Leaching kinetics of Sn from the metals (Figure 8) show
that solder joints gave a higher amount of leached Sn
compared to their alloy counterparts.The use of Cu-substrate
in the solder joint setup affects the leaching behaviour of Sn.
This is because dissimilar metals having different oxidation
potentials in contact with each other experience galvanic cor-
rosion [25, 29], which does not occur in solder alloys alone.
According to Lao et al., [29] the current density of the solder
joint is almost twofold higher than its corresponding solder
alloy. Thus, the galvanic cell (anode = Sn; cathode = Cu)
accelerates the leaching amount of Sn from the joint.
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Figure 9: Surface morphology analysis of Sn-Cu-Ni (a) solder alloy and (b) solder joint and their corresponding EDS spectra after 30-day
leaching measurements in 3.5 wt.% NaCl solution.

The microstructure analysis of Sn-Ni-Cu solder after
30-day immersion in NaCl solution (Figure 9) showed a
more corroded surface for the joint and microstructure is
composed of platelet-like materials on the surface. EDS
analysis on the surface showed high amounts of Sn and
O suggesting that the corrosion products are composed
primarily of oxides of Sn and small amounts of chlorides.
This is further confirmed by the detection of XRD patterns
specific to SnO2 (Figure 10). Similarly, corresponding peaks
for Sn(OH)2 were detected from Yan and Xian [28].

3.2.1. Microstructure of Corrosion Products on Solder Surface.
Themicrostructures of the corrosion surface were monitored
as the exposure to the corrosive media increases. Generally,
as the alloy (Figure 11) was exposed to the salt solution,
the surface changed dramatically from smooth to porous
with the formation of plate-like structures attributed to the
weakly bonded corrosion products that form on the surface.
These compounds, which have been identified in EDS and
XRD as oxides of tin are typical corrosion products. The
formation of these compounds is a result of a charge transfer
reaction between Sn metal, salt ion, atmospheric O2, and
H2O during anodic polarization following the mechanism
proposed by Mohran et al. [35]. These corrosion products

are weakly held by the bulk metal and can easily chip-off
into the solution in agreement with the leaching experiments.
The microstructural changes that can be observed for Sn-
Cu-Ni are the noticeable degree of high corrosion product
(platelet-like structure) after 7-day exposure compared to Sn-
Ag-Cu and Sn-Cu. The corrosion products are formed along
the cracks, which allow the water to seep-in triggering the
corrosion reaction. As the exposure time increases, the entire
surface was covered with corrosion products.

For the solder joints, the microstructure changes were
likewise monitored (Figure 12). A more dramatic morphol-
ogy can be observed characterized by branched crystallites,
sponge-like structure, networked branches, and platelet-like
materials. The formation of these microstructures occurs
within 7-day exposure and increases gradually as time
increases. This is the consequence of galvanic reaction that
occurs since the solder joints are in contact with the Cu
metal as substrate. The galvanic reaction triggers the very
fast corrosion process. The EDS analysis of these microstruc-
tures reveals O and Sn-rich surface indicating oxides of Sn
formation, which was further confirmed by XRD as SnO2
(Figure 10).

Generally, the surfaces of the alloys show some corrosion
product as evidenced by the plate-like structures.The surfaces
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Figure 10: XRD patterns of surface product of Sn-Ag-Cu, Sn-Cu-Ni, and Sn-Cu solder alloy and joint after 15-day immersion in 3.5 wt.%
NaCl solution.

are covered by a small degree of corrosion layer suggesting
minimal corrosion on the alloy surface. However, the surface
of the joint showed a high degree of corrosion with the entire
surface covered with corrosion products forming nanocrys-
tals and sponges. Similar morphology was reported by Lao
et al., [29] in the leaching measurement of Sn-0.75Cu solder
alloy and joint in simulated soil solutions.The corrosion layer
formed on the surface of the alloy forms a protecting film
that has a shielding effect on the Sn ion transport between
the solder and the solution. However, in the case of the solder
joint, the loosely bound corrosion layer can break-off easily.
The corrosion products that made up the surface would no
longer protect the substrate resulting in plenty of leaching
amounts of Sn coming from the solder joint.

The result of potentiodynamic polarization and leaching
tests in 3.5 wt.% NaCl solution is conflicting. Results for
the Tafel extrapolation show that Sn-Cu-Ni has the highest

corrosion rate, while the 30-day immersion of the solder
alloy and joint in NaCl solution showed the lowest amount
of leached Sn for all the solders understudied. This was
attributed to the rapid analysis in an electrochemical process,
where corrosion is forcedly induced on the surface of the
metal by applying voltage. A rapid measurement can influ-
ence the formation of the passivation film on the surface of
the metal. On the other hand, the long exposure time with
the corrosive media in leaching experiments allows an actual
electrochemical process to occur andmeasured progressively.
In these conditions, the formation of corrosion product is
gradual and there is longer timeframe for the stabilization and
formation of the passivation film.

These results are significant since, in electronic processes,
the solder alloy is not used alone. Rather it is used in contact
with other metals mostly Cu in most electronic substrates.
These lead-free solders therefore, once in a corrosive media
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Figure 11: SEM image of lead-free solder alloy after 7, 15, and 30 days
leaching measurement in 3.5 wt.% NaCl solution.
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Figure 12: SEM image of lead-free solder joint after 7, 15, and 30 days
leaching measurement in 3.5 wt.% NaCl solution.

such as aqueous NaCl atmosphere, are prone to corrosion
even within 7 days of exposure. The corrosion reaction is
triggered by the galvanic reaction that occurs when this hap-
pens inside an electronic gadget. The interconnections and
electrical connectivity are lost affecting the form, features,
and function of the device.

4. Conclusions

The corrosion behaviour of Sn-Cu-Ni lead-free solder was
described for the first time. In 3.5 wt.% NaCl environment,

potentiodynamic polarization test revealed that the new Sn-
Cu-Ni solder has higher corrosion rate compared to Sn-Cu
and Sn-Ag-Cu. However, longer exposure of the Sn-Cu-Ni
alloy and joint to the corrosive medium for up to 30 days
showed the lowest leaching rate of Sn compared to Sn-Cu
and Sn-Ag-Cu solders. Generally, alloys have lower leaching
rate compared to the corresponding joint due to the galvanic
reaction occurring in the joint setup. For chloride-containing
solution, the corrosion and leaching behaviour of Sn-Ag-Cu
is better compared to Sn-Ni-Cu and Sn-Cu. Further study
is underway in acidic and basic media and will be reported
elsewhere.
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